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ABSTRACT 
Intense, unaccustomed exercise is documented to result in muscle damage and transient 
immune perturbation. Strenuous exercise is considered to generate free radicals and confers 
an oxidative stress burden on the body, supplementary to that of the normal in vivo 
metabolism. Excessive amounts of free radicals can cause cellular and tissue damage and are 
implicated in the manifestations of muscle damage in the post-exercise period. A further 
consequence of intense exercise is the initiation of an immune and inflammatory response 
during and post-exercise. Whilst these processes are vital for normal immune function, an 
exaggerated response can exacerbate cell damage and be self-propagating. One route to 
modulating these responses is by intervention with antioxidants. Boosting of the existing 
antioxidant defences is hypothesised to provide additional protection l!;gainst free radical 
damage. The series of investigations presented within this thesis attempt to provide further 
elucidation of the proposed role of antioxidants on post-exercise response~. 
Exercise incorporating a high proportion of eccentric muscle contractions is reported to result 
in the highest levels of muscle damage. Oral supplementation with vitamin C prior to 
downhill running resulted in a down-regulation of muscle damage markers. Downhill running 
resulted in only a modest perturbation of the immune system. For the future studies, the 
Loughborough Intermittent Shuttle Test was the exercise stressor evaluated. This model is 
more reflective of real-life sports and provided greater elevation in the immunological 
responses to exercise. Following vitamin C intervention there was a reduction in muscle 
damage markers but no consistent effect on the immune parameters analysed. A mixed 
antioxidant supplement was hypothesised to provide an equal or enhanced benefit to 
intervention with vitamin C only. However, there was no modulation of any of the exercise-
induced responses following mixed antioxidant supplementation. Finally, a comparison 
between a synthetic vitamin C tablet and natural acerola cherry beverage, as source of 
vitamin C, reports that both were equally effective in reducing the signs and symptoms of 
muscle damage. The evidence from these investigations provides support for the prophylactic 
supplementation of vitamin C to abrogate the detrimental effects associated with an exercise 
stressor. Comprehensive analysis has shown that there are some significant perturbations in 
the immune system as a result of intense exercise but that much of the system is protected 
against these transitory stressors. 
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CHAPTERl 
1 
General Introduction 
"Positive health requires a knowledge of man's primary constitution and of the powers of 
various foods, both those natural to them and those resulting from human skill. But 
eating alone is not enough for health. There must also be exercise, of which the effects 
must likewise be known. The combination of these two things makes regimen, when 
proper attention is given to the season of the year, the changes of the winds, the age of 
the individual and the situation of his home. If there is any deficiency in food or exercise 
the body will fall sick. " 
Hippocrates (5th Century BC) 
For thousands of years there has been the anecdotal link between exercise, diet and 
health. Today the physical and psychological benefits of regular moderate exercise are 
not in dispute. Life-long regular moderate exercise, coupled with a balanced diet is one of 
the greatest measures an individual can take to maximise personal health and welIness. 
A potential side effect of exercise, especially in unaccustomed or untrained individuals, is 
the development of muscle soreness, stiffness and reduction in muscle capability in the 
days immediately after exercise. This can deter less motivated individuals from 
participating in future activities. In a more highly trained athlete, post-exercise muscle 
damage can reduce the capacity for training. Whilst muscle soreness and function are 
perceivable symptoms from some forms of exercise, there are many mechanisms that are 
involved in this final manifestation. 
Additional to mechanical stress as a result of exercise, one theory for post-exercise 
muscle damage and soreness is an increase in exercise-induced free radicals. Reactive 
oxygen species (ROS) and other free radicals are produced continuously in the human 
body as a consequence of normal metabolic processes. Excess amounts of free radicals 
can cause damage to DNA, protein and lipids. Cellular responses to this damage are 
amplified, resulting in the compromised function of tissues and organs. A number of 
exercise studies have reported increased markers of free radical damage following 
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different types of activity (Jackson et aI., 1985; Reid et al., 1992; Ashton et al., 1998; 
Alessio et aI., 2000; Bailey et al., 2003). Exercise with a high metabolic cost is associated 
with increased production of free radicals (Jackson, 2000). Eccentric exercise appears to 
cause greater muscle damage and soreness than concentric or isometric activity. 
However, in the absence of a significant eccentric component, symptoms of exercise-
induced damage still manifest themselves if the exercise is unfamiliar. 
Endogenous antioxidants and those derived from the diet (e.g. vitamin C) may prevent or 
reduce this damage both by scavenging free radicals, and by modulating intercellular 
redox-sensitive signalling pathways (Niess et aI., 1999a). An increase in free radicals and 
compromised antioxidant status can result in an activated inflammatory phenotype that 
can potentiate further damage. The initiation of an immune and inflammatory response 
during and post-exercise is not necessarily detrimental, as this forms a vital part of the 
repair process. However, an exaggerated inflammatory response can exacerbate cell 
damage and be self-propagating. Acute bouts of exercise tend to result in only transient 
perturbations of the immune system. Chronic activation of inflammatory pathways can 
ultimately result in a compromised state and the development of degenerative diseases 
such as diabetes and heart disease. 
Traditionally, only surrogate markers of muscle damage have been measured (e.g. 
myofibrillar protein release), as it is difficult to obtain direct measures. The effects and 
consequences of the release of soluble immune proteins, hormones, immune cell 
migration and intercellular communication have not been widely investigated in an 
exercise context and are still the focus of debate. However, the correlation between 
immunological events in human skeletal muscle and blood has now been demonstrated 
(MaIm et aI., 2000). The potential adverse effects of exercise-induced stress responses 
have been investigated in a range of scientific investigations. However, many studies tend 
to focus on either muscular stress responses, or metabolic or immune responses. There 
are no studies that provide a comprehensive analysis of all of these responses tested 
within the same exercise model. 
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A popular method of investigation for the abrogation of some of the damaging effects of 
exercise is via dietary supplementation with antioxidants. The hypothesis for this is that 
boosting antioxidant defences will directly quench free radicals released in response to 
exercise and reduce the amplification cascade. Several exercise studies have investigated 
the effects of single antioxidants, commonly vitamin E or vitamin C or, mixed 
supplementation comprising of a mixture of two or more antioxidant compounds. These 
studies have reported mixed success (reviewed in Chapter 2). 
Caution must be applied to the interpretation of the decline of the signs and symptoms of 
muscle damage and inflammation in response to antioxidant intervention. Currently the 
necessity of these mechanisms for muscle repair and adaptation to exercise stress and 
muscle loading is unknown. The interactions between antioxidants, oxidative stress and 
metabolic responses are still not comprehensively described in humans in vivo. 
Nonetheless, there does appear to be a considerable scope for antioxidant intervention in 
preventing and diminishing some of the damaging responses that occur in response to 
intense or prolonged exercise. Such an approach would be valuable in an exercise 
environment and ultimately, also applicable in the wider context of the treatment or 
alleviation of chronic disease states that are considered to occur, at least partially, in 
response to elevated oxidative stress and free radical damage. 
In order to complete the comprehensive human studies that are described within this 
thesis, a wide range of skills and techniques were required. These ranged across a 
continuum from whole body analysis through to cellular biology. To complete this 
successfully a team approach was adopted, with the following distribution of workload; 
personnel within the Muscle Physiology Group at Loughborough University completed 
the whole body analysis, and the cellular and blood measurements were conducted at 
Unilever Corporate Research, Bedfordshire. For the sake of completeness all of the 
studies presented within this thesis report and discuss the physiology measurements. The 
purpose of this is to provide the reader with a representation of events in their entirety. 
The immunological, cellular and peripheral blood responses have been examined in detail 
and are the main focus of this thesis. 
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As the combination of muscle physiology, immunology and antioxidant interactions is a 
relatively new multi-factorial area of scientific research, the review of literature presented 
in Chapter 2 is intended to provide a clear and comprehensive overview from 
fundamental science onwards. The common experimental procedures employed in this 
thesis are outlined in Chapter 3. The series of investigations presented and discussed in 
Chapters 4 to 7 have two main aims: 
1. To elucidate the effects of an exercise stressor on post-exercise muscle, immune 
and metabolic responses. 
2. To investigate the effects of pre-exercise supplementation with dietary 
antioxidants on post-exercise muscle, immune and metabolic responses. 
Chapter 4 presents an assessment of the impact of downhill running and supplementation 
with vitamin C on post-exercise responses. An alternative exercise stress model was 
selected for the latter studies (Chapters 5, 6 and 7), as this was considered to be more 
representative of 'real life' general recreational activities. Whilst the study presented in 
Chapter 5 evaluates the effect of vitamin C supplementation on post-exercise responses, 
Chapter 6 investigated a combination of antioxidants administered for six weeks prior to 
intermittent shuttle running. The final investigation (Chapter 7) evaluates a natural source 
of vitamin C, as compared to the synthetic source of vitamin C supplemented in previous 
studies (Chapters 4 and 5), on post-exercise responses. A summary and reflection is 
presented in the General Discussion (Chapter 8) of how the information from these 
studies contributes to a better understanding of muscle damage and immuno-modulation 
post-exercise and the wider implications of dietary supplementation. 
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CHAPTER TWO 
6 
Review of Literature 
2.1 Introduction 
Moderate, regular exercise is associated with many positive health benefits. Intense or 
prolonged exercise however, provides a quantifiable and reproducible stressor that 
can be modified experimentally and thus be considered as a human experimental 
model of stress. The effects of exercise and stress are often indistinguishable 
(Shephard, 200\). Participation in regular exercise training results in adaptation to the 
exercise stimulus, especially within the muscles. When this exercise is either an 
extreme or isolated bout there is a cascade of damage responses, including elevated 
oxidati ve stress, immune changes, inflammation and muscle damage. This results in 
muscle soreness and impaired recovery of muscle function. The reduction of post-
exercise stress responses would be of benefit to those who regularly train, and to those 
who are not physically fit or avoid exercise because of how it will make them feel 
afterwards. Further understanding of exercise-induced physiological and metabolic 
responses and the interactions within and between systems is essential. A natural 
method of modulating and alleviating these complex responses without inhibiting the 
natural adaptive processes could be beneficial to all. This could then be applied to 
other manifestations of metabolic stress responses, such as disease states. This would 
take this knowledge beyond exercise-induced stress responses into the wider 
community. 
2.2 Oxidative stress 
2.2.1 Free radicals and cell damage 
A free radical is a molecule or atom with an unpaired electron, conventionally 
symbolised by a radical dot ,.'. Any molecule favours a stable state and a free radical 
actively seeks association with another electron to form a more energetically 
favourable paired electron stable state. There are many potential species of radical; 
the presence of an unpaired electron generates a highly reactive species. Most radical-
radical and radical-molecule reactions occur as soon as the two reacting species meet. 
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The potency of a free radical species, with respect to any oxidative or reductive 
electron transfer, is quantified by its redox potential. In a reaction with two pairs of 
redox couples with different redox potentials, the species with the more negative 
reduction potential will be more reactive and thus drive the reaction. 
For example; 
A(oxidised) + B(reduced) ...... A(reduced) + B(oxidised) 
Most radical reactions are controlled by the diffusion rate of the reacting species. 
Much attention in biological systems is focused on reactive oxygen species (ROS) and 
reactive nitrogen species (RNS). These reactive species have the potential to cause 
oxidative damage to DNA, proteins and lipids. Such damage is a major contributor to 
ageing and degenerative diseases associated with ageing; cancer, atherosclerosis, 
cardiovascular disease and immune system decline (Ames et al., 1993). Reactive 
oxygen species are generated during the molecular reduction of 02 to H20 and in 
response to the activation of a variety of cellular enzyme systems including cyclo-
oxygenase, lipoxygenase, NAD(P)H oxidase and xanthine oxidase (XO) (Rubanyi, 
1988). Cells possess antioxidant defence mecnanisms to metabolise-R0s-before-the)y-r--__ _ 
promote injury (see Table 2.7a, Section 2.7). In exercise, free radicals are considered 
to play an important role in exercise-induced muscle damage. However, the paradox 
is that regular exercise increases the occurrence of ROS and RNS whilst decreasing 
the incidences of some ROSIRNS associated diseases and improving quality of life 
(Radak et aI., 2001). 
2.2.2 Oxygen radicals 
Many radicals within biological systems are derived from or associated with the 
presence of molecular oxygen. The most common important oxygen free radical 
species and ROS are the hydroxyl radical (,OH), the superoxide radical (Oi), singlet 
oxygen (102) and hydrogen peroxide (H.202)' The 'OH radical is the most reactive 
oxygen species and one of the most damaging within the body, therefore its chemical 
action occurs closely to its site of production. Once a radical is formed the 
consequences are unpredictable, dependent upon how reactive the species is and what 
molecules it meets first. As free radicals occur rapidly there is a fast turnover and 
generation of other radical species, therefore it is often difficult to attribute one single 
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specific radical to a particular outcome, Hydrogen peroxide and singlet oxygen are 
not true free radicals and it is more correct to call them reactive oxygen species, If 
hydrogen peroxide is not converted into water by the action of glutathione peroxidase 
then singlet oxygen is formed, Singlet oxygen can then transfer energy to a new 
molecule and act as a catalyst for free radical formation, 
02" + H20 -> 20H' 
02" + 2W -> H202 
02" + H202 -> OH' + OH' + 02 (Harber·Weiss reaction) 
H202 + Fe2+ -> Fe3+ + OIr + OH' (Fenton reaction) 
All transition metals, except copper, contain one electron in their outer shell and can 
be considered as free radicals, Iron, in particular, has the ability to gain and lose 
electrons very easily, Although copper has a full outer shell it can also lose and gain 
electrons easily, making itself a free radical (Halliwell & Gutteridge, 2000), In the 
Fenton-reactioll-Copper-{CIl+) may~plac~o~for the same free ra ___ d~ic",a~l-,r",e:",su-o'I:.::t. _____ _ 
Ferrous iron (Fe2+) may be recycled from ferric iron (Fe3+) by molecules such as 
superoxide and ascorbic acid, Other common oxygen·centred radicals include the 
peroxyl radical (ROO'), the alkoxyl radical (RO'), the phenoxyl radical (ArO') and the 
semiquinone radical (HO-Ar-O'), where R represents an organic molecule and Ar an 
aromatic substituent. 
2.2.3 Mitochondria 
Oxidative metabolism involves the reduction of molecular oxygen within the 
mitochondria to provide the main source of oxygen-derived free radicals in a cell, The 
electron transport chain, found in the inner mitochondrial membrane, utilises oxygen 
to generate energy in the form of adenosine triphosphate (ATP) , This reaction is 
catalysed by cytochrome oxidase and accounts for 95-98% of tissue oxygen 
consumption, The literature suggests that 2 to 5% of the total oxygen intake during 
both rest and exercise have the ability to form the superoxide radical via electron 
escape (Sjodin et aI., 1990), During maximal aerobic exercise, whole body oxygen 
consumption may increase by 15 to 20-fold (Ji, 1999) and mitochondrial oxygen 
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uptake in working muscle may increase more than lOO-fold (Sen, 1995). Therefore 
free radical production may increase proportionally. In addition to this there may be 
alterations in mitochondrial flux, which may predispose the mitochondria to electron 
leakage (Del Maestro, 2001). 
2.2.4 NADPH oxidase 
As part of the inflammatory process, activated neutrophils are a powerful source of 
ROS as they produce Oi- as a by-product of the NADPH oxidase catalysed oxidative 
burst reaction (Babior, 1984). The NADPH oxidase complex is situated across the cell 
membrane, so that NADPH binding sites are located facing the cytoplasm and 
superoxide is released into the extracellular space (Das & Essman, 1990). 
202 + NADPH ---> 202-' + NADP+ + H+ 
See Section 2.3.4 for further information. 
2.2.5 Xanthine dehydrogenase/oxidase 
Xanthine dehydrogenase (XDH) is found mainly in the vessel walls of most tissues, 
including skeletal muscle (Hellsten et al., 1997a). Xanthine dehydrogenase or 
xanthine oxidase catalyses the conversion of hypoxanthine to xanthine, and then 
xanthine to uric acid. Xanthine dehydrogenase or oxidase can exist both in a 
dehydrogenase form or an oxidase form. The dehydrogenase form uses NAD 
(nicotinamide adenine dinucleotide) as an electron acceptor, where no free radical 
species are formed. 
Exercise-induced muscular ischaemia and a disruption to calcium homeostasis may 
result in the formation of ROS via xanthine oxidase (Hellsten et al., 1997a). The 
impaired calcium homeostasis may occur as a consequence of excessive contractile 
activity and muscle damage (Hellsten et al., 1997a; Hellsten et aI., 1997b; Ji, 1999), 
or by some form of limited oxidation of the enzyme (Hellsten, 1996). During 
ischaemia, AMP is degraded to hypoxanthine, which provides a substrate for xanthine 
oxidase, by the adenylate kinase reaction (Konig et al., 2001). The conversion of 
AMP to inosine monophosphate (IMP) results in increased levels of hypoxanthine 
(Chambers et al., 1985). Xanthine oxidase then utilises oxygen and produces 
superoxide (see Figure 2.2.5). Endogenous levels of hypoxanthine and uric acid have 
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been shown to increase following high-intensity exercise, suggesting that exercise 
activates these pathways (Hellsten-Westing et aI., 1991). Xanthine oxidase plays an 
immunological role, in that it is involved in the activation of neutrophils and thus 
escalates the extent of tissue injury where these cells accumulate (Chambers et al., 
1985). The biochemical pathway for the formation of xanthine oxidase is presented in 
Figure 2.2.5. 
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Figure 2.2.5 : The adenylate kinase reaction and alternative oxidation pathways of 
hypoxanthine and xanthine to uric acid 
(adapted from Sjodin et al., 1990) 
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2.2.6 Transcription factors and cell signalling 
Signal transduction at a cellular level refers to the movement of signals from outside 
the cell to the inside. Signalling molecules form a specific complex with their 
receptors. Upon binding of the signal molecule to the active receptor site (i.e. binding 
site), the information is transmitted through a regulatory cascade that comprises of 
membrane and intracellular proteins. Signalling molecules such as ROS and nitric 
oxide (NO) are able to penetrate the plasma membrane and directly modulate the 
activity of the catalytic domain of transmembrane receptors or cytoplasmic signal-
transducing enzymes. This can lead to an exaggerated expression of transcription 
factors. Many of the consequences of oxidati ve stress are triggered by changes in 
regulation of gene expression. These changes are induced by the activation of redox-
sensitive kinase cascades and transcription factors, for example NFKB (nuclear factor 
KB) and AP-l (activator protein-I). This results in increases in the expression of 
factors associated with, for example, inflammatory responses and cellular 
proliferation (Burton et al., 1983; Sen & Packer, 1996). 
Nuclear factor KB is a ubiquitously expressed primary transcription factor that has an 
acti ve role in cytoplasmic and nuclear signalling and pathogenic stimulation of cells. 
Nuclear factor KB is especially important in modulating expression of immuno-
regulatory genes relevant to critical illness. Genes induced by NFKB include those 
encoding various interleukins, cytokines, and nitric oxide synthase (Duyao et al., 
1990; Kabe et al., 2005). A rapid induction of an acute inflammatory response is 
absolutely necessary for immune defence. However, excessive activation of NFKB 
results in a dysregulated inflammatory response, which then leads to acute 
inflammatory injury (Abraham, 2000; Paterson et al., 2000). 
Reactive oxygen species generation within the cell is via a protein kinase C (PKC) 
dependent mechanism (True et al., 2000). The term 'protein tyrosine kinase' is a 
generic term for a large super-family of enzymes, which includes the janus kinases 
(JAK). The JAK-STAT (janus kinase and signal transducers and activators of 
transcription) system activates the ROS sensitive kinases that are involved in the 
cytokine receptor mediator activation of tyrosine kinases (Taniguchi, 1995). Signals 
are then transduced from the cell surface to the nucleus through phosphorylation and 
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dephosphorylation reactions. One consequence of the activation of PKC is the 
induction of accessory transcription factors such as AP-l and NFKB. 
Nuclear factor KB exists as an inactive form in the cytoplasm of unstimulated cells. 
Activation of PKC and other protein kinases leads to an active form of NFKB. It is 
bound to an inhibitor protein IKB, which upon activation is rapidly phosphorylated 
and the NFKB dimer is released (Ghosh & Baltimore, 1990). The NFKB dimer 
translocates to the nucleus and actives target genes by binding with high affinity to KB 
elements in their promoters (Bowie & O'Neill, 2000). Some NFKB pathways may not 
involve oxidative stress, but may be redox modulated (Israel et al., 1992). 
Nuclear factor KB is involved in the control of cell proliferation, especially of immune 
cells. It responds to many T and B cell activating signals leading to differentiation and 
proliferation. Stimulation of macrophages leads to the rapid expression of many 
immuno-modulatory proteins including macrophage colony stimulating factor, tumour 
necrosis factors, interleukins, chemotactic factors, leukotriene B4 and nitric oxide 
synthase (Muller et al., 1993). With this number of genes under its control, NFKB 
plays a central role in many cellular responses including inflammation and 
proliferation. Antioxidants such as vitamin E and N -acetylcysteine have been reported 
to suppress the activation of NFKB (Schreck et aI., 1992). The diversity of NFKB 
inhibitors suggest that it is their antioxidant activity that is responsible for the 
suppression ofNFKB activation (Baeuerle & Henkel, 1994). 
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2.3 Effects of free radicals 
The detrimental effects of free radicals can manifest as oxidation of lipids, proteins, 
nucleic acids and the extracellular matrix (Niess et aI., 1999a). Some free radical 
effects, such as those produced by the immune system, are required for body defence. 
However, an imbalance between free radicals and the antioxidant systems can result 
in damage, including impairment of membrane integrity, enzyme dysfunction or DNA 
damage. 
2.3.1 Lipid peroxidation 
Lipid peroxidation reactions generally occur as a result of radical attack on 
polyunsaturated fatty acids (PUFAs), although, the reaction can be driven by other 
agents such as chelated iron. Following radical attack the fatty acid becomes a lipid 
radical with allylic double bonds. These double bonds are relatively weak and can 
combine with oxygen to produce lipid peroxy radicals and then lipid peroxides. This 
lipid peroxidation may continue in a cyclic fashion, and become amplified 
(Demopoulos, 1973). 
ROOH + Fe2+ -> Fe3+ + RO· + OK 
ROOH + Fe3+ -> Fe2+ + ROO· + H+ 
These resulting lipid peroxides can decompose to form aldehydes, for example, 
malondialdehyde, which then can then form cross-links or change the structures of 
other lipids, proteins, carbohydrates or DNA (Alessio, 2000). Unsaturated fatty acids 
are especially susceptible to attack from the hydroxyl radical. The lipid peroxides are 
more hydrophilic and thus are attracted to aqueous environments. This changes the 
transfer of metabolites through the cell membrane, so that water may enter and result 
in inflammation. The inflammatory response then triggers further radical attack. 
Lipid peroxidation is measured by a variety of end products that include 
malondialdehyde (MDA), thiobarbituric acid reactive substances (TBARS), lipid 
hydroperoxides (LPO) and 4-hydroxalkenols (4-HNE) (Konig et al., 2001). The basis 
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of the TBARS method is the measurement of MDA, which is a secondary product of 
PUFA oxidation. Other endogenous sources of MDA include prostaglandin and 
thromboxane synthesis (Viinikka et al., 1984). Hydroxalkenol is an oxidation product 
of PUFAs and increases in vivo in direct proportion to LDL oxidation and lipid 
peroxidation (Requena et aI., 1996). A non-invasive measure of lipid peroxides is by 
exhaled ethane or pentane (Alessio, 1993; Packer, 1997). F2-isoprostanes can be 
measured in either plasma or urine. They are considered reliable indicators of in vivo 
oxidative stress and are derived from the non-cyclo-oxygenase dependent 
peroxidation of arachidonate during lipid oxidation (Morrow & Roberts, 1997). 
2.3.2 Protein & DNA oxidation 
When proteins are exposed to free radicals they become vulnerable to proteolytic 
degradation. A hydrogen atom is removed from the amino acid carbon group in a 
manner similar to lipid peroxidation. Oxidation can result in the formation of 
reversible di-sulphide bridges, or to chemically modified derivatives that are not 
biologically reducible e.g. Schiffs base (Halliwell & Gutteridge, 2000). Modification 
of proteins may occur by two different mechanisms; the first is via a site-specific 
formation of ROS via redox-active transition metals that are loosely bound to the 
protein-binding site. This may lead to damage via metal-catalysed oxidation for 
example, NADPH oxidaselNADPHloxygenJFe3+, xanthine/xanthine oxidaselFe3+ 
which leads to the formation of keto groups (Stadtman et al., 1993). Non-metal 
dependent ROS-induced oxidation of amino acids such as methionine, tryptophan and 
cysteine may react with peroxyl or alkoxyl radicals. These cause direct damage to the 
amino acid or protein by cleavage of the peptide bond (Stadtman et al., 1993). 
Enzymes (Rice-Evans, 1990), respiratory chain proteins (Jackson et aI., 1995), and 
ionic pumps (Kako, 1987) all appear to be inactivated by free radicals. 
Oxidative modification of proteins may cause a number of deleterious effects 
including receptor modification, disturbances in cellular homeostasis, altered signal 
transduction and other fundamental cell-regulatory processes (Sen, 2001). Oxidative 
damage to DNA is considered to be a continuous process and estimated to occur up to 
a rate of 104 to 106 lesions per cell per day (Fehrenbach & Northoff, 2001b). The 
magnitude of DNA base oxidation is proportional to the change in metabolic rate 
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(Loft et al., 1994), and therefore is increased with increased oxygen consumption, for 
example, during exercise and smoking (Loft et al., 1992). It has been estimated that 
almost 1 % of oxygen consumed by a cell contributes to protein oxidation at rest 
(Halliwell & Gutteridge, 2000). 
Oxidative DNA damage is directly involved in the process of carcinogenesis 
(Grollman & Moriya, 1993). Urinary 8-hydroxy-deoxyguanosine (8-0hdG) excretion 
in urine is considered to be a measure of DNA oxidation in response to free radicals 
(Han et al., 2000). It is a measure of oxidative damage of guanine, a DNA base. The 
cell is able to rapidly remove this DNA lesion from the nuclear DNA and nucleotide 
pool by various repair mechanisms (Hartmann et al., 1998). Elevated excretion of 8-
OhdG has been detected in the urine of trained athletes immediately after a marathon 
race (Alessio, 1993) and during a runners' training camp (Okamura et al., 1997), 
indicating elevated DNA damage and repair activity in response to exercise, although 
other studies could not confirm these results (Hartmann et al., 1994, Pilger et al., 
1997; Hartmann et al., 1998). Urinary 8-0hdG remained unchanged after exercise of 
more moderate intensity or shorter duration (Witt et ai., 1992; Nielsen et al., 1995). 
Mitochondrial DNA is a major target site for oxidative damage. An accumulation of 
mitochondrial DNA mutations, as a result of oxidative damage, will result in deficient 
mitochondrial respiratory function, which in turn leads to a reduction in cellular 
energy (De Flora et al., 1996; Lee & Wei, 1997). Mitochondria generate the nitric 
oxide (NO,) free radical, which is thought to have a regulatory function in the process 
of mitochondrial respiration during exercise (Giulivi et al., 1998). Nitric oxide can 
react with super oxide to create peroxynitrate (ONOO), which is a strong oxidant 
(lschiropoulos, 1998). 
2.3.3 Exercise-induced oxidative stress 
Oxidative stress has been associated with decreased physical performance, muscle 
fatigue, muscle damage and over-training (Friden & Lieber, 1992; Clarkson, 1995; 
Dekkers et al., 1996; Tiidus et al., 1998; Goldfarb, 1999). Several studies suggest that 
strenuous exercise results in the increased generation of free radicals within skeletal 
muscle (Jackson et al., 1985; Reid et ai., 1992; Ashton et al., 1998, Alessio et al., 
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2000; Bailey et al., 2003). This occurs in several ways; increased oxygen 
consumption and leakage and oxidative phosphorylation. Catecholamines that are 
released during exercise can also lead to free radical production (Jewett et aI., 1989). 
Most exercise studies report indirect measures of free radical activity via markers 
such as MDA and TBARS. However, electron spin resonance (ESR) provides a direct 
measure of free radicals (Ashton et al., 1999). This technique takes advantage of the 
spin of a radical's unpaired electron by detecting the weak magnetic field from the 
lone electron. However, ESR only detects relatively unreactive radicals, since the 
reactive ones do not accumulate at high enough levels to be measured (Halliwell & 
Whiteman, 2004). The addition of 'traps' or 'probes' to intercept reactive radicals and 
stabilise them can somewhat overcome this problem. Studies in rat muscle following 
30min of contractile activity, reported a 70% increase in the ESR signal of freeze-
clamped muscle that was associated with an increase in creatine kinase (CK) activity. 
Ashton et al. (1998) reported a 3-fold increase in the ESR signal of human serum 
following a short bout of incremental cycling to exhaustion. These increases were 
associated with increased levels of MDA and LPO. Bailey et al. (2003) assessed the 
changes in arterial-venous ESR signals following exercise at different intensities, 
providing supporting evidence for exercise induced radical production. Even short 
duration exercise of 30 seconds has been shown to increase ESR, (Groussard et al., 
2003). In the same study there was a decrease in endogenous antioxidants as well as a 
reduction in TBARS (lipid peroxidation). This result leads to the questioning of the 
reliability of TBARS as a marker for oxidative damage. 
Most exercise studies still use indirect measurement techniques for oxidative damage, 
as the availability of ESR is limited and expensive. Although ESR evidence questions 
the validity of TBARS as a marker of exercise-induced oxidative stress, there are 
many studies that have measured either TBARS (spectrophometric), or MDA 
(HPLC). Lovin et al. (1987) report that cycling at 70% V02max for 5min increases 
TBARS, but that cycling at 40% for 5min decreases TBARS to below resting values. 
Kanter et al. (1993) report an increase'jn TBARS when running for 30rnin at 60% 
V02max, and an even larger increase at 90% V02max for 5min. Following 45min of 
downhill running, Maughan et al. (l989a) reported increases in TBARS. Subjects 
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with the largest increases in TBARS exhibited the greatest increases in creatine kinase 
(CK), lactate dehydrogenase (LDH) and aspartate aminotransferase (AST), which 
suggests an association between lipid peroxidation and muscle damage. Kanter et al. 
(1988) also reported that serum MDA levels correlated closely with blood levels of 
CK, again indicating a relationship between muscle damage and oxidative stress. In 
2003, Pattwell et al. demonstrated that the ROS detected in the circulation by ESR is 
highly correlated with extracellular hydroxyl radical production and concluded that 
the measurement of the circulating ESR radical provides a relatively non-invasive 
method of assessing hydroxyl radical production in skeletal muscle. 
Close et al. (2004) examined the relationship between delayed onset muscle soreness, 
muscle function and ROS following both downhill running and running on the level. 
An increase in ROS was detected via ESR spectroscopy and MDA in the downhill 
run, but not during level running. However, the downhill running resulted in a delayed 
increase in ROS production. The increase in ROS was observed 72h post-exercise, at 
the time when delayed-onset muscle soreness (DOMS) was subsiding. Therefore this 
suggests that ROS directly induced by exercise are not the only contributing factor to 
DOMS and loss of muscle function. Hellsten et al. (1997a) reported an increase in 
ROS following eccentric exercise, up to 4 days post-exercise and suggested that this 
was a result of secondary inflammation, following leukocyte infiltration. In 1990 and 
1991, Cannon et al. reported an association between the formation of ROS by 
invading neutrophils in damaged muscles and the exercise-induced inflammatory 
response. The different techniques that are used for the detection of ROS could 
explain some of the disparate findings of different studies. 
Most studies on exercise and oxidative stress have investigated the responses of 
healthy subjects. Studies that have investigated markers of oxidative stress in diseases 
(e.g. cardiovascular disease and diabetes) generally agree that healthy controls have 
lower lipid peroxidation levels than those with disease (Chen et al., 1994; Kujala et 
al., 1996; Laaksonen et al., 1996). Laaksonen et al. (1996) compared lipid 
peroxidation in men with and without insulin-dependent diabetes mellitus (lDDM). 
The non-IDDM men had a lower absolute TBARS level than the IDDM both after rest 
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and after sub-maximal exercise, suggesting that IDDM is associated with oxidative 
stress. 
Conjugated dienes are reported to increase as a result of exercise (Meydani et al., 
1993; Balakrishnan & Anuradha, 1998). Production of conjugated dienes seems to be 
dependent upon the duration of the exercise; Vasankari et al. (1998b) reported 
elevated levels following a 36km run but not after a 19km run. Conjugated dienes are 
prevalent in normal diets so caution is required in the interpretation of data. Using the 
comet assay, various exercise protocols have shown the induction of DNA damage in 
human leukocytes, independent of the exercise protocol used; incremental runs to 
exhaustion on a treadmill (Hartmann et aI., 1994; Hartmann et al., 1995; Niess et aI., 
1996a), half marathon (Niess et aI., 1996a) or triathlon (Hartmann et al., 1998). 
Although the exercise mode does not affect actual DNA damage, the exercise 
protocol has an influence on the timing of the damage and level of damage. 
Gluathione is an endogenous antioxidant that is used as a measure of oxidative stress 
(Urso & Clarkson, 2003). The ratio of reduced to oxidised glutathione (GSH:GSSG) 
ratio decreases following oxidative stress. The GSH:GSSH has been reported to 
decrease in response to acute exercise in several studies (Sastre et aI., 1992; 
Laaksonen et al., 1999; Sen, 1999). However, Tiidus et al. (1996) reported that 
glutathione status was unaffected by 8 weeks of 35min of aerobic cycling training 3 
times a week, although this may be a result of an adaptive response to the exercise. 
Circulating levels of GSSG may increase due to the release from muscle (McArdle & 
Jackson, 2000). 
2.3.4 Leukocytes & free radical production 
Phagocytic cells are a major source of oxidants. In 1984, Babior aptly described the 
action ofphagocytes using the analogy of warriors: (Babior, 1984) 
'The professional phagocytes kill like Atilla the Hun, deploying a battery of weapons 
that lay waste to both the targets and the nearby landscape with the subtlety of an 
artillery barrage' 
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Immune cells of myeloid lineage; monocytes, macrophages and neutrophils, are the 
main blood cells involved in the phagocytic and oxidative burst processes. The 
monocytes and neutrophils circulate in the peripheral blood prior to emigration to the 
tissues. As part of the inflammatory response there are sequences of events, which 
result in leukocyte recruitment to the site of inflammation. They respond to 
chemotactic signals generated at the site of infection (such as by IL-I and TNFa) 
(Dallegri & Ottonello, 1997), and leave the capillaries by a complex process before 
engulfing foreign or dead particles. Phagocytosis of foreign particles and micro-
organisms is a vital component of host defence. 
Phagocytosis is a multistep process that involves the capture of free-flowing 
leukocytes in the circulation. The cells then roll along the vessel wall until they 
become firmly adhered and marginated to the vascular endothelium via interaction 
with adhesion molecules (including CD11b, CD18, CD62L). This process is driven by 
chemoattractants, to recruit cells to the site of the damaged tissue where the cells exert 
their defence functions (Du faux & Order, 1989). Once attached, the cells develop 
pseudopodia that facilitate the movement of the cells between the gaps of the 
endothelium. The cells subsequently leave the circulation by transendothelial 
migration via a process known as diapedesis. When the cells reach the target, they 
extend pseudopodia around the particle or damaged cell until it is completed engulfed 
within a phagosome vacuole (Roitt, 1991). The closure of the phagosome results in a 
shift of pH within the newly formed vacuole to a highly acidic environment, which 
plays an important part in the amplification role in the microbicidal activity of the 
phagocyte (Ryan et al., 1990). Following ingestion, the particles are attacked and 
destroyed by the cells lysosome contents (degranulation) and resulting oxidative 
burst. There are two main types of killing mechanisms, one that is oxygen dependent 
and other oxygen independent (Table 2.3.4). 
The oxidative (respiratory) burst is the rapid, transient production of huge amounts of 
ROS (and NOS) (Chanvitayapongs et aI., 1997). These oxidants are essential for 
microbicidal killing (Chanock et al., 1994). The production of the respiratory burst is 
mediated by the enzymes NADPH oxidase and nitric oxide synthase. Upon activation 
of the cells, the membrane bound and cytosolic components of the enzyme assemble 
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in the membrane to form the active enzyme. NADPH oxidase catalyses the reduction 
of molecular oxygen to the superoxide anion (02''), which rapidly dismutates to 
hydrogen peroxide (H20 2). Subsequently the hydrogen peroxide may be converted by 
myeloperoxidase, produced by the neutrophil primary granules (Kettritz et al., 1997), 
into reactive compounds such as hypochlorous acid (HOC!) (van Pelt et al., 1996). If 
these ROS then remain unneutralised in circulation they may contribute to oxidative 
stress and cause cellular and subcellular damage by lipid peroxidation, damage to 
protein, nucleic acids and eventually cause apoptosis and cell death (Kettritz et al., 
1997). Also contributing to the microbicidal response are lysosome contents (e.g. 
lysozyme), defensins and nitric oxide that enhance the microbicidal activity of 
neutrophils by degrading molecules that form part of the foreign particle or damaged 
tissue (Weiss, 1989). 
The importance of the oxidative burst system is clearly demonstrated in patients who 
suffer from the genetic disorder Chronic Granulomatous Disease. They lack a specific 
component of the electron transport system of the NADPH oxidase complex and 
hence have an impaired or absent respiratory burst system (Ryan et aI., 1990). The 
neutrophils of these patients are, however, still capable of undergoing phagocytosis. It 
is common for these patients to suffer from recurrent bacterial infections due to 
inefficient killing mechanisms. 
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Table 2.3.4: Anti-microbial oxygen-dependent and independent killing mechanisms 
(Adapted from Roitt (1991) 
OXY2en-Dependent Mechanisms 
Reactions Consequence 
hexose monophosphate shunt 
- 02 burst 
Glucose + NADP+ ) pentose phosphate + NADPH 
- Generation of superoxide 
anion 
cytochrome h245 
NADPH+02 ) NADP+ +0£ 
spontaneous dismutation 
- spontaneous formation of 
202' + 2H+ ) H202 + 102 microbicidal agents 
0£+H202 ) 'OH + OH' +102 
myeloperoxidase 
- myeloperoxidase 
H20 2+Cr ) OCr+H20 generation of microbicidal 
102 +cr + H2O 
molecules 
ocr + H20 ) 
superoxide dismutase 
- protective mechanisms 
202'+2W ) O2 +H202 used by host and microbes 
catalase 
2H202 ) 2H20+02 
Oxygen-Independent Mechanisms 
Proteins Consequence 
Defensins - damage to microbial 
Cathepsin G membranes 
High molecular weight cationic proteins 
Bactericidal permeability increasing protein 
Lysozyme - splits mucopeptide in 
bacterial cell wall 
Lactoferrin - deprives proliferating 
bacteria of iron 
Proteolytic enzymes - digestion of killed 
Other hydrolytic enzymes organisms 
('0, = singlet oxygen) 
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2.4 Exercise and the immune system 
2.4.1 The immune system 
The immune system is a complex recognition system, which recognises and 
distinguishes between 'self and 'non-self molecules. It provides the body's defence 
against the entry and spread of foreign and novel bodies. The immune response 
involves complex communication and coordination among diverse cell types, tissues 
and messenger molecules throughout the body. There are two components of the 
immune system, the innate immune system and the specific or cellular immune 
system. Innate immunity comprises physical barriers (skin, mucous), chemical 
defence (complement, acute phase proteins, cytokines etc) and cellular defence from 
monocytes, macrophages, neutrophils and natural killer cells. The adaptive immune 
response generates memory from prior exposure via the humoral responses (antibody, 
memory) and cell-mediated responses via T-Iymphocytes. Both systems are essential 
for an optimal, functional immune response and work synergistically. A more 
detailed, general review of the immune system is provided by Roitt (1991). 
2.4.2 Exercise & immune function 
It is well known that moderate physical activity has significant positive benefits on 
health and fituess and can reduce the incidence and severity of diseases such as 
cardiovascular disease, diabetes and some cancers (Nieman, 1994a; Shephard & Shek, 
1994; Sternfeld, 1992). However, the exercise paradox that exists is that intense, 
damaging exercise can result in compromised immune function and thus an increased 
risk of infectious diseases and immunosuppression (Nieman et aI., 1990; Nieman, 
1994a; Pedersen & Bruunsgaard, 1995; Peters-Futre, 1997). This theory has been 
named the 'inverted J hypothesis' and was proposed by Nieman et al. (1994a). 
Exercise immunology is further complicated by different immunological responses 
that are dependent upon the type, intensity and duration of the exercise. The responses 
can be categorised into acute and chronic exercise responses. An acute bout of 
exercise is accompanied by responses that are similar in many respects to those 
induced by infection (Shephard et al., 1991; Brenner et aI., 1994; Shephard & Shek, 
1994). 
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Based on the changes in immunological profile observed following prolonged, heavy 
exertion (Nieman, 1994a; Gleeson et aI., 1995b; Mackinnon, 1997), the 'open 
window theory of infection' has been proposed (Pedersen & Ullum, 1994). This 
suggests that the post-exercise immunocompromised state could lead to an increased 
risk of infection in this period, which may last between 3 and 72 hours, depending on 
the parameter measured. This has particular implications for athletes, as repeated 
bouts of strenuous exercise with incomplete immunological recovery could leave an 
athlete at increased risk of infection (Pedersen et aI., 1994; Nieman & Pedersen, 
1999). However, this theory is not wholly accepted and requires further investigation. 
A study by Bruunsgaard et al. (1997) does lend support to the 'open window theory'; 
male triathletes were compared with sedentary control subjects. The athletes exhibited 
normal antibody production to pneumococcal, tetanus and diptheria vaccines 
following a half-ironman triathlon competition. However, the delayed-type 
hypersensitivity (DTH) skin test response to 7 recall antigens was suppressed when 
compared to control subjects. This suggests that the short-term immune response 
(DTH) is negatively affected by the prolonged intensive exercise, whereas the longer-
term antibody titre response to vaccination is not affected. 
Exercise is comparable to any stressor and is considered to be a reproducible model 
for investigating immune responses similar to those associated with infection and 
disease (Mackinnon, 2000a; Mackinnon, 2000b; Shephard, 2001). Thus, exercise can 
be used as a human in vivo model for potential nutritional intervention for both 
regulation of exercise responses and chronic disease. Caution must be employed when 
interpreting the literature as often it is impossible to establish a direct 'cause and 
effect' link between immune function and the incidence of disease following exercise. 
Often, the biological relevance of many of the measured immune changes is unclear. 
This is further complicated by the inconsistency between studies, in terms of subject 
selection, mode of exercise test, duration and intensity. Exercise immunology is a 
relatively new area of science. It is impossible within the confines of this thesis to 
present a comprehensive overview of all aspects of exercise immunology. For more 
comprehensi ve reviews the reader is referred to (Shephard et aI., 1991; Shephard et 
al., 1994; Gabriel & Kindermann, 1997; Mackinnon, 1999; Nieman, 1999; Niess et 
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aI., 1999a; Mackinnon, 2000a; Nieman, 2000a; Pedersen & Hoffman-Goetz, 2000; 
Pedersen & Toft, 2000). 
2.4.3 Exercise & leukocytes 
Leukocytes are the white blood cell component and, in addition to the blood and 
lymph, are found in several lymphoid organs and tissues throughout the body. The 
leukocytes are responsible for the immune response. The lymphocytes, monocytes 
and neutrophils are the main leukocyte cell phenotypes found in circulation, although 
basophils and eosinophils are also important and have a role in allergic reactions. 
Normal adult peripheral blood leukocyte counts are presented in Table 2.4.3a. 
Table 2.4.3a Normal adult leukocyte counts in adult peripheral blood 
(Gomella & Haist, 2004) 
Cell Type Relative % of circulating Nonnal cell number 10' per 
leukocytes L whole blood 
Total leukocyte count 100 4.5 - 11.0 
Neutrophil 50 -70 1.8 - 7.7 
Lymphocyte 20-40 1.0-4.4 
T cells (60-88% oflymphocytes) 0.6 - 2.2 
T helper (34·67% of lymphocytes) 0.5 - 1.2 
T cytotoxic (10-42% of lymphocytes) 0.18-0.8 
B cells (3-20% of lymphocytes) 0.08 - 0.4 
NKcells (10-20% of lymphocytes) 0.18 - 0.4 
Monocyte 3 - 11 0.2 - 0.8 
Eosinophil 0-5 0-0.6 
Basophil 0-1 0-0.1 
Acute exercise induces a profound leukocytosis (increase in circulating leukocyte 
number); the magnitude of this is related to both the intensity and duration of 
exercise. This change results in a transient redistribution of immunocompetant cells. 
The increase is predominantly accounted for by the substantial increase in neutrophils 
recruited into the peripheral blood. If the exercise duration and/or intensity are low or 
moderate, most immunological variables return to resting values within a few hours 
after the cessation of exercise. There are very few studies that have investigated the 
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long-term effects of exercise on the immune system. Both physical and psychological 
stress may cause an increase in the circulating leukocytes (McCarthy & Dale, 1988; 
Perna et al., 1997). 
The time course of the cell increase is reported to often show a biphasic response, 
again dependent on the intensity and duration of exercise (Gabriel et al., I 992c; 
Shinkai et al., 1992; Kanter et al., 1993). This biphasic response is not reported 
following moderate exercise (Nehlsen-Cannarella et al., 1991b). The biphasic 
response is characterised by a large increase in Iymphocyte number early in exercise, 
followed by a large increase in neutrophil number and decline in Iymphocyte number 
toward the end or after cessation of exercise (Mackinnon, 1999). Hansen et al. (1991) 
investigated the leukocyte response to maximal distance running over 3 distances 
(1.7,4.8 and 10.5km) in healthy males. During exercise the number of Iymphocytes 
doubled, whereas neutrophil counts only increased by 20%. Thirty minutes post-
exercise leukocyte counts returned to resting values. The Iymphocyte count continued 
to decline to 32-39% below resting values for up to 4h post-exercise. The neutrophil 
count increased 2-4h post-exercise reaching levels of 68-170% above resting counts. 
The magnitude of the changes was related to the distance run. 
Some of the leukocytes that are mobilised into the peripheral blood during exercise 
are thought to be recruited to damaged muscle fibres post-exercise (Smith et al., 
1989). Eccentric exercise, for example, downhill running results in higher levels of 
muscle damage than concentric exercise for example, running on the level or cycling. 
This corresponds to a greater increase in leukocyte number following predominantly 
eccentric-biased exercise. The majority of the leukocytes that are recruited into the 
blood stream do not localise to the skeletal muscle after exercise (Maim et al., 2000). 
Neutrophils are the predominant cell type recruited during exercise (Smith et aI., 
1989) however, histological evidence shows that monocytes and Thelper Iymphocytes 
are the main cells found in the muscle tissue following eccentric exercise (Round et 
al., 1987). There is a close association between the degree of leukocytosis and the 
activities of enzymes in serum such as creatine kinase (CK) and lactate 
dehydrogenase (r=0.7) (Kayashima et al., 1995). Pizza et al. (1995) found CK and the 
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number of circulating neutrophils to be significantly positively correlated after 
downhill but not after level running. 
Little attention has been paid to changes in circadian rhythm within exercise 
immunology. It has been suggested that there is a circadian change in the distribution 
of leukocytes, which is likely to be dependent upon autonomic regulation (Suzuki et 
al., 1997). Analysis of human leukocyte subset sets has shown that there is an 
increase in neutrophils, macrophages, NK cells and CD8+ cells in the daytime. 
Leukocyte and neutrophil counts increase through the day to reach a peak at around 
19:00-21:00 (Haus & Smolensky, 1999). B cells and CD4+ cells show an increase at 
night (as a result of the release of cells from lymphoid organs) and then decline after 
waking. This is attributed to the movement of Iymphocytes back to the lymphoid 
tissues under the influence of cortisol (Dhabhar et aI., 1994). 
There are a variety of mechanisms that appear to be involved in exercise-induced 
leukocytosis (increase in circulating leukocyte number), including changes in stress 
hormones, cytokines, body temperature, increased blood flow and dehydration 
(Hoffman-Goetz & Pedersen, 1994; Pedersen & Ullum, 1994; Pyne, 1994b; Shek et 
al., 1995; Nieman, 1997b). At rest only about 1% of allleukocytes are present in the 
circulating blood, the remaining cells reside in the lymph system, spleen, liver, skin, 
gut and other organs (Abbas, 2000). During exercise there is an elevation in 
catecholamines and mechanical shear forces, as result of increased blood flow, which 
causes a release of cells into the circulation (Mackinnon, 1999). It is believed that the 
majority of cells recruited to the circulation, come from cells adherent to the walls of 
blood vessels (Malm, 2002). The increased cell numbers in circulation may be a 
strategic part of the innate immune defence, because the cells are centrally mobilised, 
they may be primed to be recruited to sites of damage and pathogen attack. As the 
neutrophils account for most of the leukocytosis, this is likely to be the case. 
However, it is uncertain whether these changes in cell distribution represent a 
functional change in the immune response or only relate to a systemic change 
(McCarthy & Dale, 1988). Currently, it is unclear as to where all the cells migrate to 
after exercise and this warrants further investigation. To gain an understanding into 
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functional changes in cell activities alternative measurements are required to assess 
whether there are any changes in cellular functional capacity in response to exercise. 
Some cells display unique cell surface proteins that can be used to identify and 
classify the origins and cell function. Many of these cell surface proteins have specific 
functions for example, as cell receptors or adhesion molecules. The nomenclature that 
identifies the surface markers on cells is the CD (cluster determinant) number. Table 
2.4.3b presents the CD cell surface markers most commonly discussed in the exercise 
immunology literature. 
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Table 2.4.3b Clusters of Differentiation (CD) encountered within exercise 
immunology, or within this thesis (8arclay, 1997) 
CD antigen Main cellular association Main functions 
CD3 Tcells T cell receptor 
CD4 
CD8 
COlla 
CDllb 
COl4 
COl6 
CDl8 
CDl9 
CD25 
CD45 
CD45ro 
CD45ra 
CD49d 
CD54 
CD56 
CD62L 
T helper cells 
T cytotoxic cells 
Lymphocytes, neutrophils, 
monocytes, macrophages 
Myeloid cells, NK cells 
Monocytes, macrophages 
Neutrophils, NK cells 
Bind to MHC class II receptor 
Bind to MHC class I receptor 
Integrin LFA-I subunit. Combines with CDI8. 
Binds to ICAMs 
Integrin Mac-l (CR3) subunit. Combines with 
COl8. Ligands include iC3b & ICAM-I 
LPS receptor 
Low affinity receptor for IgG, mediates 
phagocytosis & burst 
A1lleukocytes /32 integrin. Regulation of ligand binding of 
COll1COl8 complexes. Leukocyte adhesion 
B cells B cell receptor 
Activated T, B, NK cells, monocytes IL-2 receptor a subunit. Induces activation and 
proliferation of immune cells 
Allleukocytes Signalling through the T cell receptor, 
activation. Antigen receptor signalling 
Activated T & B cells, monocytes & Isoform of CD45 
macrophages 
NaIve T & B cells, monocytes Isoform of CD45 
T, B, NK, monocytes, platelets a2-integrin subunit. Mediates adhesion 
Leukocytes, endothelium, wide tissue ICAM-I adhesion molecule. Expression high on 
distribution activated cells. Ligand for CDII/COl8. 
NKcells 
NaIve T & B cells, some memory T 
Migration of leukocytes from blood, especially 
in inflammation 
Cell adhesion molecule 
L-selectin, mediates tethering and rolling of 
& NK cells, monocytes, neutrophils, leukocytes on endothelium surface 
eosinophils 
CD63 Low on lymphocytes & neutrophils, Associates with COll1COl8 
high on monocytes, macrophages 
CD64 
CD95 
COl26 
Monocytes, macrophages, activated 
neutrophils 
Activated lymphocytes, monocytes, 
neutrophils 
Activated B cells. Leukocytes 
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Antibody-dependent cytotoxicity, Phagocytosis 
of IgG opsonised targets 
Fas, Apo-l. Binds to FasL to induce apoptosis 
IL-6 receptor. Binds IL-6 
2.4.4 Exercise and lymphocytes 
The T and 8 cells belong to the adaptive immune system, whilst the NK cells have a 
role in the innate immune response. During or immediately following exercise there is 
lymphocytosis (increase in Iymphocyte number). The increase in Iymphocyte counts 
is much lower than the increase in neutrophil numbers. Early in the post-exercise 
recovery stage, Iymphocyte counts return to baseline, and following intense exercise 
(more than 2h) may fall below baseline (Gabriel & Kindermann, 1997). Changes in 
Iymphocyte count and proportion are not observed following moderate or brief 
exercise (Smith et al., 1989). During acute physical exercise numbers of Iymphocytes 
increase by 25-100%, with the greatest increase seen in NK cells, followed by T cells 
and then 8 cells (Pedersen et al., 1988; Tvede et al., 1989; Nieman, 1997a; Gannon et 
aI., 2001). T Iymphocytes can be divided into two distinct subpopulations; Tcytotoxic 
cells and Thclper cells. These cells are distinguished by their functions and cell-surface 
antigens; CD8 on Tcytotoxic cells and CD4 on Thelper cells. There are changes in the ratio 
of CD4+ to CD8+ Iymphocytes following exercise (Lewicki et aI., 1988; Espersen et 
al., 1991; Frisina et al., 1994; Gabriel & Kindermann, 1997; Hinton et al., 1997). 
There is often a decrease in the ratio, generally attributed to a larger increase in 
circulating CD8+ cells and a smaller increase in CD4+ cells, although eccentric 
exercise has been reported to reduce CD8+ expression (Malm et aI., 2000). It is 
important to exclude CD8+ NK cells from these counts, as the CD4:CD8 ratio is 
easily influenced by CD8+ NK cells (Gabriel et al., 1998). 
Numbers of 8 Iymphocytes may either increase or remain unchanged as a result of 
exercise (Espersen et al., 1990; Hinton et al., 1997). The 8 cells may be more 
sensitive to more anaerobic forms of exercise as increases in 8 cell number have been 
reported following repetitive weight lifting to exhaustion (Nieman et al., 1995) and 
following 6 minutes of rowing at maximum intensity by trained rowers (Nielsen et al., 
1996b). Following endurance exercise, the ability of 8 cells to produce antibodies is 
reduced (Tvede et al., 1989; Shek et al., 1995). This may result in a transient 
immunocompromised state. 
The acute exercise response of natural killer cells is comprehensively reviewed by 
Shephard & Shek, (1999). Often there is an increase reported in NK counts following 
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exercise. The magnitude of the response depends on the relative intensity of the 
exercise, rather than the duration (Shinkai et a/., 1992; Pedersen et al., 1997; 
Shephard & Shek, 1999). There is often a decrease in NK cell numbers several hours 
after exercise. Reduced numbers could result in increased risk of infection, as NK 
cells are cytotoxic and required for cell-mediated cytotoxicity against viral-infected 
cells. The functional capacity of the NK cells, i.e. the capacity of an individual cell to 
perform its cytotoxic function, is reported to increase during exercise (Hanson & 
Flaherty, 1981; Mackinnon et al., 1988), however some studies report a decrease in 
the post-exercise period (Pedersen et al., 1988; Pedersen et aI., 1990). Nieman et a/. 
(1993b) reported a decrease in CDI6+ cells post-exercise, although the CD56+ cell 
count was unchanged. They suggest that a decrease in NK activity following exercise 
reflected a temporary down-regulation of CD56+ cells, possibly as a consequence of 
elevated serum cortisol. 
1u addition to fluctuations in Iymphocyte counts following exercise, there may be an 
elevation in Iymphocyte activity. A major histocompatibility complex class 2 antigen 
(MHC-II), HLA-dr, is a cell-surface marker of mainly CD4+ Iymphocyte activation. 
An increase in HLA-dr would result in an increase in the antigen-presenting capacity 
of a cell (Gabriel & Kindermann, 1997). It is unclear if exercise directly causes the 
activation, or if activated cells are selectively recruited to the circulation. An 
investigation by Gray et al. (1993a) suggests that both activated and unactivated 
Iymphocytes are recruited to the circulation. Moderate exercise does not appear to 
activate Iymphocytes (Nehlsen-Cannarella et al., 1991a), whereas intense exercise, 
both brief and prolonged exercise induces activation (Gabriel et al., 1993). Long-term 
endurance exercise leads to an increase in activated CD45ro + Iymphocytes ('memory' 
cells) but compared to the increase in cell activation as a result of infection, such as 
infectious mononucleosis, this effect is small, and is suggested to have only minimal 
effects on T cell function following exercise (Gabriel & Kindermann, 1997). 
2.4.5 Exercise & monocytes & macrophages 
Monocytes form part of the innate immune system. They are derived from a 
promonocyte precursor in the bone marrow and are found in circulating blood. They 
account for approximately 5% of blood mononuclear cells and can migrate to tissues 
32 
in response to injury, infection and inflammation. Once localised within the tissues 
the cells undergo differentiation to become mature macrophages (M<l» where they can 
remain for months. It is as macrophages that they are found within skeletal muscle. 
The main functions of monocytes and M <l> are phagocytosis, antigen presentation, 
cytokine production and anti-tumour activity (Woods et al., 2000). It is relatively 
simple to assess the changes in number of monocytes in the circulation in response to 
exercise. However, it is much more complex to quantify macrophage number and 
activity in response to exercise as access to muscle tissue is by biopsy. Because of the 
difficulty in obtaining samples most of the published studies in this area are on animal 
studies. However, macrophage numbers have been examined in rested human vastus 
lateralis muscle, where 0-10 macrophages per mm2 were found (Malm et al., 2000). 
Because of the sampling issue the majority of the exercise literature currently 
concentrates on changes in monocyte number and activation. 
The effects of exercise on monocyte and M<l> function may be mediated by several 
mechanisms including exercise-induced elevations in neuroendocrine hormones 
(Woods, 2000), inflammatory responses to damaged muscle (Northoff et al., 1995), 
body temperature and fluctuations in energy availability (Parry-Billings et aI., 1990). 
Monocytes, along with neutrophils, are responsible for the initiation of the acute 
phase response (Gabriel & Kindermann, 1997). 
It has been suggested that there are two distinct subpopulations of monocytes in blood 
based upon the cell-surface expression of CD14 (the bacterial lipopolysaccharide 
receptor) and CD16 (the Fcy receptor III) (Ziegler-Heitbrock, 1996). When 
lipopolysaccharide (LPS) binds to CD14, the receptor transmits a signal for the 
induction of cytokine production and the respiratory burst (Abbas, 2000). Therefore 
changes in CD 14 expression can influence the body's capacity to fight bacterial 
infections. In healthy young adults the CD14hi/CD16' phenotype predominates, 
accounting for approximately 80% of the monocytes. These are thought to be 
immature monocytes expressing Iow levels of MHC-II, high CDllb and producing 
high levels of IL-lO (Ziegler-Heitbrock et al., 1993; Frankenberger et aI., 1996). 
CDI41o/CDI6+ monocytes represent a more mature monocyte phenotype, expressing 
high levels of MHC-II, Iow levels of CDllb, lower IL-lO production and lower 
33 
reactive oxygen production (Ziegler-Heitbrock, 1996). It is these cells that will 
migrate into the tissues. The presence of higher numbers of these 'mature monocytes' 
in the peripheral blood has been associated with both the elderly and inflammatory 
conditions (Ziegler-Heitbrock, 1996; Sadeghi et al., 1999). 
In response to acute exercise there can be a transient increase in peripheral circulating 
monocyte numbers (50-100%) (Woods, et al., 1999). This change may be exercise 
intensity or duration dependent. It is suggested that mature monocytes may migrate 
out of the vasculature following long duration exercise (Gabriel et al., 1994c). Gabriel 
and Kindermann, (1997) report that CD 14hi/CD 16- cells increase during anaerobic and 
short-term intensive aerobic exercise above the individual anaerobic threshold (IAT) 
rather than during aerobic exercise at or below the lA T. They show the greatest 
increases following long duration aerobic exercise. In contrast, CDI41°/CDI6hi 
monocytes show the highest increases during anaerobic exercise and short -term 
highly intensive aerobic exercise. Infection leads to a maturation from regular to 
mature monocytes in response to the antigenic stimulus. In contrast, exercise does not, 
indicating that there is diversity between change in cell counts and cell function 
(Gabriel & Kindermann, 1997). 
Malm et al. (2004b) reported no change in monocyte numbers following downhill or 
uphill running for 45min, however, there was a decrease in cell-surface expression of 
CD45 for up to 6h post-exercise. The authors suggest that this indicates that there was 
a specific decrease in modulation of signal transduction capacity in the circulating 
monocytes. There appears to be a training response to monocyte activation; Pizza et 
al. (1996) found evidence of lower activation of monocytes in adaptation to eccentric 
muscle stress. Monocyte function is reported to be enhanced during periods of 
decreased training in endurance athletes (Gabriel et aI., 1997), whilst the numbers 
may decrease during prolonged periods of intense endurance training (Gabriel et al., 
1994c; Mackinnon, 1999). Accumulation of macrophages at the site of muscle 
damage, post-exercise is delayed, peaking at between 24 and 72h post-exercise 
(Armstrong, 1984; Armstrong, 1986; Smith et aI., 1998). The delayed infiltration of 
monocytes and macrophages has lead to the suggestion that these cells may be 
responsible for the post-exercise DOMS symptoms (Smith, 1991). Phagocytosis and 
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the resulting oxidative burst by monocytes, macrophages and neutrophils may further 
exacerbate existing tissue damage due to the release of free radicals and lysosomal 
enzymes (Smith, 1991; Lowe et aI., 1995; Best et al., 1999). See Section 2.3.4 for 
further information. 
2.4.6 Exercise & neutrophils 
Neutrophils account for approximately 60-70% of allleukocytes and play a major role 
in host defence against infectious diseases. They recognise and ingest foreign 
particles, and can perform this either independently or by recognising and binding 
immunoglobulin G molecules and complement proteins that coat the surface of 
foreign pathogens and host tissue fragments (Smith & Pyne, 1997). This means that 
neutrophils have the capability to act as both effector and affector cells of humoral 
and cell mediated immunity (Lloyd & Oppenheim, 1992). Once ingested via 
phagocytosis, the respiratory burst process destroys pathogens by reactive oxygen 
species and lysosomal enzymes (see Section 2.3.4). Neutrophils are attracted to tissue 
sites of infection by response to chemotactic factors that are produced by other cells. 
To migrate to required sites, they can adhere to and move through the capillary walls 
by diapedesis to reach the target inflarrunatory or infected site. This process involves 
endothelial activation and expression of adhesion molecules on both the endothelium 
and the neutrophils (see Section 2.5.4). 
Neutrophil numbers are consistently reported to be increased in circulating blood in 
response to exercise (Kayashima et al., 1995; Gabriel & Kindermann, 1997; Bishop et 
aI., 1999). This increase is termed neutrophilia and appears to be dependent on the 
duration and intensity of the exercise (Gabriel & Kindermann, 1997). Neutrophil 
numbers increase during exercise and can remain elevated for several hours post-
exercise. In addition to changes in neutrophil number there can be changes to 
neutrophil function (see Section 2.4.7). It is the large increase in neutrophil number 
relative to other leukocytes that accounts for most of the exercise-induced 
leukocytosis. 
As with lymphocytes, there is a biphasic response in neutrophil infiltration following 
exercise; initially there is a transient increase in cell numbers within 30min post-
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exercise, which is then followed by a second elevation of neutrophil numbers up to 
several hours later (Hansen et al., 1991; Fry et al., 1992; McCarthy et al., 1992). The 
magnitude of the response is dependent upon the duration and intensity of the exercise 
(Fry et al., 1992; Gabrie1 & Kindermann, 1997). Following intermittent running for a 
fixed duration, across a range of exercise intensities, there was a proportional increase 
in neutrophil numbers with exercise intensity (Fry et al., 1992). It has been reported 
that there is great variation in exercise-induced neutrophil responses between subjects 
when exercised at similar exercise intensities (Smith et al., 1990). This suggests that 
when planning a research investigation, subject numbers and populations have to be 
carefully selected in order to obtain useful and meaningful data. 
Exercise-induced neutrophilia occurs as a result of both concentric (Suzuki et aI., 
1999; Ronsen et al., 2001) and eccentric exercises (Maim et al., 2000), although 
following muscle-damage caused by eccentric exercise there appears to be a greater 
neutrophil response (Pizza et aI., 1995; Pizza et al., 1996; Pizza et al., 2001). The 
second, delayed neutrophilia response appears to be more dependent upon the 
duration rather than the intensity of exercise (Hansen et aI., 1991; Robson et aI., 
1999). An investigation that compared the effects of downhill running versus level 
running on a treadmill for 60min at 70% Y02mu, found that the circulating neutrophil 
counts were higher in the downhill runners at both measurement points of 1.5 and 12h 
post-exercise, suggesting that a more eccentrically-biased exercise protocol results in 
greater neutrophil mobilisation (Pizza et al., 1995). 
There is an inconsistent reported training effect on circulating neutrophil counts. A 
significant increase in neutrophil number was reported in elite male and female 
swimmers over 12 weeks of intense training (Pyne et al., 1995). However, in a 
separate study of elite swimmers over a 6-month period there was no change in 
neutrophil counts, except in swimmers diagnosed with 'over-training syndrome' 
(Hooper et aI., 1995). 10 these swimmers this effect was attributed to a longer lasting 
effect of exercise between sampling periods and maintenance of high intensity 
activity. There were no changes reported in neutrophil counts over extended periods 
in several other studies (Gabriel et aI., 1994b; Suzuki et aI., 1996). 10 some studies 
lower neutrophil counts have been reported, when compared to control subjects (Hack 
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et aI., 1994b; Keen et aI., 1995; Blannin et al., 1996). However, lower counts in 
trained individuals may be independent of any immune depression, for example, the 
plasma volume expansion that may occur during endurance training may dilute cell 
counts. 
As a result of exercise there may be a release of immature neutrophils from the bone 
marrow into the blood (Suzuki et al., 1999; Yamada et aI., 2002; Suzuki et aI., 
2003b). These are characterised by a decrease in cell-surface expression of the low-
affinity IgG receptor; CDI6. Huizinga et al. (1994) reported that an increase in the 
release of neutrophils from the bone marrow was associated with an increase in the 
release of soluble CD16, suggesting that CD16 is shed from neutrophils when they are 
mobilised from bone marrow. Therefore a decrease in CD16 expression post-exercise 
may reflect a circulating population of immature neutrophils. An increase in immature 
neutrophils was observed in cyclists who actually exhibited a lower neutrophil count; 
which suggests that there was an increase in cell turnover (Keen et al., 1995). 
Both catecholarnines and cortisol are believed to play a role in the exercise-induced 
modulation of neutrophil numbers (McCarthy et al., 1992), although evidence is 
mixed (Smith et al., 1989; Hack et al., 1994b; Suzuki et al., 1999). One suggested 
mechanism of neutrophilia has been attributed to a response to elevated cortisol levels 
(McCarthy et al., 1992; Pyne, 1994b), although, neutrophilia is also reported to occur 
in the absence of an exercise-induced increase in cortisol (Malm et al., 2000). Cortisol 
appears to be related to the neutrophil increase that results from prolonged exercise, as 
opposed to brief exercise (Mackinnon, 1999). An alternative source of neutrophils is 
the spleen. Currently there is disagreement over whether the spleen provides a source 
of circulating exercise-induced neutrophils; Peters et al. (1992) state that the spleen is 
the main source of post-exercise neutrophils, whereas Iversen et al. (1994a) suggest 
that the spleen is not necessary for the neutrophilia response. Additionally, cytokines 
(JL-6) and growth factors (granulocyte-colony stimulating factor; G-CSF) are 
believed to be involved in the neutrophilia response after exercise (Cross et aI., 1996; 
Suzuki et al., 1999; Yamada et aI., 2002); both of these proteins are present in human 
skeletal muscle (Maim et aI., 2000). Carbohydrate consumption during exercise 
reduces the magnitude of the neutrophilia (Nieman et al., 1997a; Nieman et al., 
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1998a; Bishop et al., 1999; Fielding et al., 2000; Henson et aI., 2000). This is 
considered to be due to the carbohydrate having an attenuating effect on the cortisol 
exercise response (Nehlsen-Cannarella et aI., 1997; Nieman et al., 1998a; Henson et 
al., 1999). 
As the measurement of peripheral neutrophils in circulation is relatively 
straightforward, much research has focused on these changes in response to exercise. 
There is little data on neutrophil numbers in skeletal muscle tissue. Neutrophils have 
been reported to infiltrate all metabolically active tissues following heavy exercise, 
including the heart and liver, in addition to the skeletal muscle (Belcastro et al., 
1996). Fielding et al. (1993) showed an increase in intramuscular (vastus lateralis) 
neutrophils following a 45min downhill running protocol, although this data must be 
interpreted cautiously as the findings could be a result of biopsies being taken in the 
same muscle before and after exercise. 
Maclntyre et al. (1996) have assessed muscle infiltration of immune cells. 
Radiolabelled leukocytes were re-introduced to subjects, prior to eccentric exercise 
performed on one leg. Post -exercise images demonstrated that there were greater 
numbers of neutrophils in the exercised leg than the control leg 24h post-exercise, 
suggesting that post-exercise some of the neutrophils in the circulation are recruited to 
the skeletal muscle. The infiltration of neutrophils and monocytes into exercise-
damaged muscle provides part of the repair-regeneration process. The increase in 
neutrophil number in the tissues post-exercise leads to the suggestion that they may be 
involved in post-exercise inflammation and delayed on-set muscle soreness by virtue 
of their killing and removal systems for pathogens and cell debris. 
2.4.7 Neutrophil & monocyte function 
There are many methods and protocols available for the measurement of neutrophil 
and monocyte function. This can make it difficult to directly compare studies. 
Functional assays are important as they provide information on the functional 
capacity of the cells and the states of activation. Most of the assays are performed in 
vitro and measure the functional response of cells to specific stimuli. Even for the 
same diagnostic test different laboratories will have optimised the assay for their 
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specific circumstances and use different measurement techniques. As is consistent 
with many immunological changes as a result of exercise, the changes in neutrophil 
function are dependent on the mode, duration and intensity of exercise. Neutrophil 
and monocyte phagocytic and oxidative burst capacity can be expressed in two ways; 
as the magnitude of the phagocytosis or burst per cell or as the active proportion of 
the cell population undergoing the process. The magnitude is independent of changes 
in circulating neutrophil number and is sometimes referred to as the phagocytic or 
burst index. 
Most of the studies in the literature focus on circulating neutrophil activity. 
Macrophages are important cells within the tissues but generally inaccessible due to 
the technical, invasive procedures required for their collection. Within the tissues it is 
activated macrophages that are present, rather than the monocytes. Acute exercise has 
been shown to increase the function of peritoneal macrophages in animals (Ortega et 
al., 1996; Ceddia et al., 2000). Chronic exercise has also been reported to increase 
macrophage phagocytosis and free radical production, dependent on the intensity of 
the exercise (Sugiura et aI., 2001). However, exhaustive exercise is also reported to 
suppress macrophage function by reducing antigen presentation (Woods et al., 1997; 
Ceddia et aI., 2000) 
2.4.7.1 Degranulation 
As a result of intense exercise, several studies have reported that there is an increase 
in neutrophil degranulation and activation of the neutrophils, as measured by an 
increase in the enzymes MPO and elastase in the serum (Dufaux & Order, 1989; 
Pincemail et al., 1990; Camus et al., 1992; Bury & Pimay, 1995; Bishop et al., 1999; 
Croisier et al., 1996; Pyne et al., 2000). It has been suggested that in addition to 
activating lymphocytes and complement factors (Kusner et al., 1991), the protease 
enzymes within the neutrophil granules may regulate NADPH oxidase activity (Tal et 
al., 1998). Therefore, there is a functional link between degranulation and respiratory 
burst that provides a co-ordinated response to infectious challenge and inflammation 
(Daniels et al., 1994). 
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Suzuki et al. (2003b), reported that there was an increase in MPO and lactoferrin in 
urine following a marathon race. The increased excretion of MPO correlated with 
urine IL-6 and G-CSF, (which can facilitate neutrophil activity, including 
degranulation) (Borish et al., 1989). There is rapid renal clearance of MPO, leading 
the authors to suggest that urinary MPO concentration might provide a better measure 
of systemic neutrophil activation than that measured in plasma. Volume correction is 
always a factor to be considered with urine biomarker measurements. 
The type of exercise protocol followed has an effect on neutrophil degranulation. 
Camus et al. (1992) reported a 97% increase in MPO and a 70% increase in elastase 
in plasma following 35min of downhill running. There was no change in these 
degranulation markers following uphill walking and suggests that exercise protocols 
with a high eccentric component result in greater neutrophil degranulation. This could 
be linked to higher levels of muscle damage incurred following eccentric exercise. 
Local cell damage will result in localised inflammation, which in turu sends out 
chemotactic signals to the neutrophils and results in their activation, and subsequent 
capacity for degranulation. A study by Pizza et al. (1995) demonstrated that creatine 
kinase activity correlated with changes in expression of the high affinity IgG receptor 
(FcyRl) (CD64) on neutrophils (r=0.83) following downhill running. This provides 
further evidence that eccentric-biased exercise increases post-exercise immune 
responsiveness. However, increased degranulation capacity is not consistently 
reported following eccentric exercise; Pyne et al. (2000) reported only minor 
increases in post-exercise elastase concentration following 40min of downhill 
running. 
A further measure of neutrophil function is the change in expression of the 
complement receptor component CR3 (CD II b). The expression of CR3 is considered 
to reflect degranulation of the secondary granules, whereas primary granule 
degranulation is evidenced by increases in plasma elastase concentration (Mackinnon, 
1999). Gray et al. (1993a) have demonstrated this to be increased at 6 and 24h 
following repeated I min treadmill sprints to volitional fatigue. There was also an 
increase in CD16 (FcyR) surface antigen and plasma elastase concentration 24h post-
exercise. 
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2.4.7.2 Exercise, phagocytosis & respiratory burst 
Neutrophil cell counts in athletes are in the same range as for non-athletes 
(Mackinnon, 1999). However, some investigations report a difference in neutrophil 
functional capacity between these populations (Smith et al., 1990; Blannin et al., 
1996; Levine et aI., 1999). Evidence suggests that neutrophil function is reduced in 
athletes, as measured by reduced oxidative burst, phagocytic activity and capacity. A 
study by Espersen and co-workers (1991), compared neutrophils sampled from 
distance runners and non-athletes at rest, and reported a 20-30% lower capacity for 
cell migration in response to chemotactic stimulation in the runners. This indirect 
evidence suggests that in trained athletes, immune responses may be depressed and 
result in an immuno-compromised state. 
It is possible that the fitness of subjects and familiarisation with the exercise mode 
may affect functional outcomes. Saxton et al. (2003) compared neutrophil responses 
following bench-stepping (defined as providing high systemic stress) to repeated 
eccentric muscle action (low systemic stress) and demonstrated that the intensity of 
neutrophil phagocytosis and respiratory burst response 24h following bench-stepping 
was increased. There was no change in phagocytosis or burst in subjects following the 
eccentric protocol, or in neutrophil cell-surface activation markers (CDllb and 
CD64) in either group. They suggest that exercise-induced muscle damage has no 
effect on activation markers and that changes in phagocytosis and respiratory burst 
can occur independently of activation of antigen expression. Systemic stress induced 
by exercise is suggested to have a greater modulating effect on functional responses 
than the degree of muscle damage induced. 
Several studies have reported an increase in neutrophil phagocytic capacity for up to 
24h following intense or exhaustive exercise (Lewicki et al., 1987; Rodriguez et al., 
1991; Saxton et al., 2003). An increase in phagocytosis has also been demonstrated in 
sedentary subjects following a moderate exercise protocol (Wysocki et al., 1995; 
Blannin et al., 1996; Marchena et al., 2002). However many other investigations have 
found no change or a reduced change in phagocytic capability following intense or 
moderate exercise (Lewicki et aI., 1987; Hack et al., 1994a; Chinda et aI., 2003a; 
Chinda et al., 2003b). These disparate data make it difficult to draw a consensus on 
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the effect of exercise on neutrophil phagocytosis. It has been suggested that training 
load may have an effect on phagocytosis and that high intensity training over a period 
of time may result in impaired function, which may ultimately lead to an increased 
risk of infection in these individuals (Hack et ai., 1994a; Blannin et al., 1996). 
One investigation measured the levels of superoxide in plasma post-exercise (Quindry 
et al., 2003) and reported that although superoxide values were elevated immediately 
post and 2h post-exercise, it was only the second wave of neutrophilia that resulted in 
elevated neutrophil free radical production capacity. This second neutrophilia 
response was not exercise intensity dependent and supports the hypothesis that the 
second neutrophilia may represent a functionally different neutrophil subset, as 
compared to the initial demarginated neutrophil response. This may represent cells 
recruited from the bone marrow in response to increased cortisol (Pyne, 1994b). 
Suzuki et al. (1996) have reported that bone marrow derived neutrophils are more 
oxidatively active than those already present in the circulation immediately post-
exercise. These data prove how important it is to measure functional responses at 
different time-points post -exercise. 
Many studies that have examined the effect of exercise on phagocytosis and 
respiratory burst suggest that activity is dependent on the exercise intensity (Smith, 
1994; Suzuki et ai., 1999). Peake, (2002) suggests that an improved responsiveness of 
neutrophils following moderate intensity exercise may increase the resistance to 
infection in the post-exercise period. Although it is difficult to draw conclusions, it 
does appear that moderate or brief duration exercise have little effect (no change or a 
small increase), whereas intense exercise and endurance training are potentially 
immunosuppressive (Smith & Pyne, 1997; Peake, 2002). Exposure to increased 
concentrations of glucocorticoids has been reported to depress neutrophil functions, 
including chemotaxis, adhesion, phagocytosis, degranulation and oxidati ve burst 
(Tintinger et al., 2001). As exercise results in an increase in neutrophil cell number 
within the circulation, there will be increased potential circulating functional capacity 
even if there is no measured change in phagocytic or respiratory burst. There is a 
requirement for a series of standardised experiments in this area to try and further 
elucidate the effects of exercise on innate immunity. 
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2.5 Inflammation 
An inflammatory reaction is the body's non-specific response to infection, tissue 
damage or environmental stressors. The inflammatory response is characterised by the 
movement of leukocytes and the release of a complex variety of soluble mediators by 
different cell types. The aim of an inflammatory response is ultimately to give rise to 
repair processes and wound healing. Paradoxically, however, a dysregulated 
inflammatory response can result in the loss of local control or an over activation of 
the system. This can manifest in an exaggerated systemic response that is potentially 
destructive and can result in further cell and tissue damage (Shephard et al., 1994; 
Smith et al., 2001). 
2.5.1 Cytokines 
Cytokines are low molecular weight secreted proteins and peptides. They are soluble 
mediators that regulate the amplitude and duration of the immune and inflammatory 
responses. They function as communication molecules between cells. Cytokines are 
produced by immune cells and by other cell types, for example skeletal muscle cells 
(Authier et al., 1997; Belec et al., 1997; Pedersen et al., 2001a). Many cytokines 
belong to the interleukin (IL) group, although chemokines and some growth factors 
are also included in the cytokine family. The actions of cytokines are complex, with 
several proteins having pleiotropic effects. Cytokines act in either a paracrine or 
autocrine manner at low concentrations (Suzuki et aI., 2002). They have a role in 
initiating, regulating and terminating inflammatory processes (Dinarello, 1990; 
Northoff et aI., 1994). A local inflammatory response to infection or tissue injury 
involves cytokine production at the site of inflammation. This results in the 
chemoattraction of leukocytes for the clearance of antigen and damaged cells. The 
local inflammatory response is accompanied by the induction of a systemic acute 
phase response (Ostrowski et al., 1999). Many cytokines are constitutively expressed, 
but are further up-regulated following response to pathogens and inflammatory 
signals. Cytokines mediate many functions, including cell differentiation and 
proliferation (Abbas, 2000; Balkwill, 2000), and adhesion molecule expression (Blue 
et al., 1993; Song et al., 1997; Meager, 1999). Cytokines share many characteristics 
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with hormones and it has been suggested that the differences between them are only a 
matter of definition (Smith, 1997). 
Cytokines are generally characterised as 'pro-inflammatory' or 'anti-inflammatory', 
dependent upon their main reported mode of action (Pedersen et aI., 1998; Ostrowski 
et al., 1999). Pro-inflammatory cytokines include IL-l, IL-6, TNFex and lFNyand are 
either directly or indirectly involved in the generation of ROS and are strong 
activators of NFlCB (Blackwell & Christman, 1997; Christman et aI., 2000). 
Experiments have shown that the injection of cytokines into laboratory animals 
(TNFex, IL-l~, IL-6) results in a systemic acute phase response (Dinarello, 1992). 
Anti-inflammatory cytokines include IL-l receptor agonist (IL-lra), IL-2, IL-4 and 
IL-I0 and TNFex receptors (Aggarwal & Puri, 1995). This classification system is not 
absolute and is the focus of much debate, especially for IL-6 (see Section 2.5.1.5). 
This is partly due to the pleiotropic effects of some of the cytokines and the amount of 
research to date focused on the actions of specific cytokines. 
Cytokines are generally measured in plasma or serum. To obtain a complete picture of 
plasma cytokine levels, renal excretion and peripheral uptake needs to be taken into 
account, especially for those cytokines with a short half-life (Suzuki et aI., 2002). The 
cytokine responses to exercise have been comprehensively reviewed in the literature; 
(Espersen et aI., 1990; Northoff et al., 1994; Gabriel & Kindermann, 1997; Nehlsen-
Cannarella, 1998; Pedersen et al., 1998; Pedersen & Toft, 2000; Moldoveanu et aI., 
2001; Nieman et al., 2001; Pedersen et aI., 2001a; Suzuki et al., 2002). The review 
presented in this thesis attempts to present a basic overview of the main cytokines that 
have been described within exercise immunology literature, in terms of their main 
functions and responses to exercise. 
2.5.1.11nterleukin-l 
Interleukin-l (IL-l) exists as two proteins, IL-l ex and IL-l ~ which are products of 
distinct genes but which recognise the same cell-surface receptors. Interleukin-l ex is 
believed to act locally and, IL-l ~ systemically (Balkwill, 2000). Interleukin-l is 
produced as a consequence of inflammation and is responsible for fever induction 
(endogenous pyrogen activity), although other roles include regulation of bone 
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formation, the menstrual cycle and it is induced in response to nervous system 
stimulation (Lotz et al., 1988; Dodds et al., 1994; Lynch et al., 1994a). 
There are two receptors for IL-l. Interleukin-receptor type-l is a member of the 
immunoglobulin superfamiIy and is found on T cells, fibroblasts, keratinocytes, 
endothelial cells, chondrocytes and hepatocytes (Dinarello, 1991). The second 
receptor (type-2) is found on B cells, neutrophils and bone marrow cells (Dinarello, 
1991). The two receptors are distinct, in general, IL-ln binds better to the type-l 
receptor and IL-l~ binds better to the type-2 receptor. However, only the type-l 
receptor is capable of transducing a signal following ligand binding and all of the 
biological effects attributed to IL-l are produced by this receptor (Stylianou et al., 
1992; Sims et al., 1993). The function of the type-2 receptor is not fully known, 
however, it is suggested that this may antagonise and regulate the activity of IL-l 
under certain conditions (Stylianou et al., 1992; Sims et aI., 1993). The IL-l type 2 
receptor is known to be up-regulated by glucocorticoids (e.g. dexamethasone) 
possibly explaining some of the anti-inflammatory properties of these types of 
compounds (Colotta & Mantovani, 1994). 
The properties and biological activities of IL-l have been comprehensively reviewed 
(Dinarello, 1991; Dinarello & Wolff, 1993). Many cell types produce IL-l, although 
monocytes and macrophages are the main immune producers (Foss et al., 1994; 
Mallardo et al., 1994). Interleukin-l possesses a wide variety of biological activities, 
including the initiation of the acute phase response in the liver (Abbas, 2000), 
additionally it induces the synthesis and the release of other cytokines such as TNFn 
and IL-6 (Dinarello, 1994), as well as inducing its own release (Navarro et al., 1989; 
Lorre et al., 1994). Interleukin-l also causes the release of p-endorphin, which is an 
analgesic that blocks pain receptors via the nocioceptive nerve terminals. Prolonged 
exposure to elevated concentrations of IL-l can lead to a predisposition to sepsis and 
diabetes (Dinarello, 1994; Balkwill, 2000). 
Interleukin-l was the first cytokine to be examined within the exercise literature 
(Cannon & Kluger, 1983). Serum concentrations of IL-l can increase in response to 
exercise (Table 2.5.1.1), although the magnitude of the increase in IL-l is smaller 
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than for other cytokines such as IL-6. More frequently there is no change reported in 
IL-l concentration following exercise and often concentrations are recorded as 
undetectable as the value falls below the threshold of the bioassay. Interleukin-l 
increases when skeletal muscle is damaged or regenerating (Cannon et aI., 1989; 
Fielding et al., 1993; Malm et aI., 2000). Resting levels of IL-l are reported to be 
higher in distance runners than non-athletes (Evans et aI., 1986; Sprenger et al., 
1992). There may also be a difference in the IL-l response to exercise between 
athletes and non-athletes. Evans et al. (1986) compared exercise responses in 
untrained subjects to those in accustomed runners, following 3 hours moderate 
eccentric exercise (27-42% V02max). In the untrained subjects there was an increase in 
IL-l concentration. In contrast, in the runners, the IL-l concentration had increased 
only slightly or had decreased. It was suggested that higher resting levels of IL-l in 
the runners might reflect muscle proteolysis and repair resulting from intense regular 
exercise. However, a study by Smith et al. (1992) failed to show any difference in the 
resting levels of IL-l between untrained subjects and athletes. A criticism of the early 
studies on IL-l responses to exercise is the sensitivity and specificity of the assays 
available at the time (Mackinnon, 1999). 
Following a downhill running protocol Fielding et al. (1993), showed, in muscle 
biopsies, that IL-l/3 appears within the skeletal muscle for up to 5 days post-exercise. 
Immunohistochemistry showed a maximal increase in concentration (250%) five days 
after exercise and a 135% increase after 45min. This accumulation of IL-l/3 is 
suggested to mediate neutrophil recruitment to facilitate tissue repair, which is in 
concordance with the hypothesised action of IL-l in damaged muscle. 
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Table 2.5.1.1: Interleukin-l responses to exercise (IL-If3unless IL-I aspecified) 
SUbject Exercise Protocol Main Findings Reference 
Characteristics 
M Recreationally Eccentric cycling ND in either exercise test Bruunsgaard et 
active 65%max 30min, (IMPE, Ih PE) al. (1997) 
N=9 Concentric cycling 65 % 
max,30min 
M Athletes Marathon race 3-5h IL-Ia; NC (IMPE, Ih PE) Castell et al. 
N=18 (1997) 
M Healthy, untrained 3h of cycling + inclined 1 PE, up to 24h PE Moldoveanu et 
N=lO walking at 60-65% al. (2000) 
V02rnax 
M Untrained Incremental cycling to Ne in untrained (during, Mucci et al. 
N=l1 exhaustion IMPE, 5min PE) (2000) 
M Endurance athletes 17% 1 in athletes (during, 
N=l1 IMPE), NC 5min PE 
Marathon runners Run, 75-80% V020m NC (IMPE, 1.5h PE) Nehlsen-
N=24M,6F 2.5h Cannarella et al. 
(1997) 
Runners Ultramarathon, 90km, 2 x 1 (IMPE), NC (I, 2 day Nieman et al. 
N=29 -IOh PE) (2000a) 
Marathon runners Marathon race, mean Ne (IMPE, 1.5h post) Nieman et al. 
N=98 time 3.8h (2001) 
M Endurance athletes Run, 75% V02~' 2.5h Ne (during IMPE,-6h PE, Ostrowski et al. 
N=IO 1dayPE) (1998a) 
M Marathon runners Marathon race, mean 50% 1 IMPE, NC (1-4h PE) Ostrowski et al. 
N=16 time 3h l7min (1998b) 
M Marathon runners Marathon race, mean 1.5-2 x 1 (IMPE, 0.5post) Ostrowski et al. 
N=IO time 3h27min NC (l-4hPE) (1999) 
M Sedentary Eccentric cycling with ND (IMPE, 2h, lday PE post) Rohde et al. 
N=6 one leg, 65W, 60min (1997) 
M Endurance-trained Cycling 60min, 75% NC (IMPE, 2h, 24h PE) Simpson & 
N=8 V02max Hoffman-Goetz, 
(1991) 
M Untrained, N-8 Cycling 60min, 60% NC (IMPE, 3h, 6h PE) Smith et al. 
M Trained N=8 V02max (1992) 
M Untrained Eccentric weight lifting: Ne (1.5h, 12h, 2day PE) Smith et al. 
N=6 4 sets of 12 maximal 44% ! (6h PE), 35% ! (lday (2000) 
repetitions of bench PE) (serum) 
press and curl 
Distance runners 20km run within 2h ND (IMPE, Ih, 5h PE) Sprenger et al. 
N=22 (1992) 
M Endurance athletes Graded run to NC (IMPE, lh PE) (serum) Suzuki et al. 
N=l1 exhaustion 10-15min (1996) 
M Untrained Cycling 90W, 90min ND (during until 12h PE) Suzuki et al. 
N=8 repeated for 3 (1999) 
consecutive days 
M Moderately trained Cycling 60min 75% ND (up to 4h PE) Ullum et al. 
N=17 V02max Neither IL-113 or IL-la (1994) 
M Non-athletes Bicycle 45min, 70% 3 x 1 (45, 75min PE) Vassilakopoulos 
N=6 V02max et al. (2003) 
(plasma changes unless otherwise stated. NC; No change, ND; Not detected, IMPE; Immediately post-
exercise, PE; post-exercise, M; males, F; females, f; increased, !; decreased) 
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2.5.1.2 Interleukin-I receptor agonist 
Interleukin-1 receptor antagonist (IL-1ra) is a naturally occurring inhibitor of IL-1 
activity. The inhibitory action results from the binding of IL-1ra to the IL-1 receptor 
type-1 with an affinity comparable to that of IL-1 a. or IL-1~, thus competing with IL-
Ia. or ~ for the binding to this receptor. However, this binding does not result in 
signal transduction (Oripps et aI., 1991; Granowitz et al., 1991). Secreted IL-1ra 
binds to the IL-1 receptor type-2 with considerable lower affinity than that shown by 
IL-1~ (Oripps et al., 1991; Granowitz et aI., 1991). This makes sense teleologically in 
that the two mechanisms designed to inhibit the actions of IL-1 ~ do not compete with 
each other. 
Cells that produce IL-1ra include monocytes, neutrophiIs, macrophages and 
fibroblasts (Janson et aI., 1991; Krzesicki et al., 1993; Muzio et al., 1994). In contrast 
to IL-6, IL-1ra does not appear to be produced by skeletal muscle cells (Tilg et aI., 
1994; Ostrowski et aI., 1998b). Several cytokines are known to up-regulate IL-1ra 
production and include IL-4, IL-6, IL-13, IFNy, GM-CSF and TGF~, the latter 
triggering IL-1 production, which itself induces IL-1ra synthesis (Vannier et al., 1992; 
Krzesicki et al., 1993; Tilg et al., 1994). Interleukin-1ra is secreted during an 
inflammatory response and in some diseases (Ridker et aI., 2000b). Its main 
mechanism of action is to limit the potentially damaging effects of IL-1 (Dinarello & 
Thompson, 1991; Dinarello, 1994). In animal studies, the injection of IL-1ra into 
animals with LPS-induced septic shock has been shown to prevent death (Ohlsson et 
al., 1990). 
Following exercise IL-1ra can be dramatically elevated. A 200-fold increase was 
observed in runners following a marathon race (Suzuki et al., 2000), although up to a 
40-fold increase following endurance exercise is more commonly reported (see Table 
2.5.1.2). Such a magnitude of response, as compared to the IL-1a. or IL-1~ response, 
should competitively result in a block of the activity of IL-1 and protect the system 
from potential IL-1 damage. Changes in the concentration of IL-1ra can be observed 
even in the absence of a measured IL-1 response (Nehlsen-Cannarella et al., 1997; 
Ostrowski et al., 1998a). 
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Interleukin-1ra concentration appears to be sensitive to carbohydrate availability. 
Strenuous endurance studies that have altered the carbohydrate supply before (Bishop 
et al., 2001) or during exercise (Nehlsen-Cannarella et al., 1997; Starkie et aI., 2001a) 
have observed an attenuating effect of increased carbohydrate availability on both IL-
Ira and IL-6 responses. Cytokine responses are often linked, and an elevation of IL-6 
results in an elevation of IL-1ra. The effect of the carbohydrate supplementation on 
the reduction of post-exercise IL-1ra production is more likely a reflection of the 
direct effects of carbohydrate on IL-6 production (Steensberg, 2003). Many exercise 
studies reported describe the effects of a single bout of exercise on IL-1 ra levels. In an 
investigation following a second bout of endurance exercise performed, after 3h of 
recovery from the first bout, there was a reported further elevation of IL-1ra (Ronsen 
et aI., 2002). 
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Table 2.5.1.2: Interleukin-Ira responses to exercise 
Subject Exercise Protocol Main Findings Reference 
Characteristics 
M Athletes Marathon race, 3-5h NC (IMPE, Ih PE) Castell et al. 
N=18 (1997) 
FRowers 2h rowing 40% 1 (IMPE), 53% 1 (1.5h PE) Henson et al. 
N=15 (with CHO supplementation) (2000) 
Marathon runners Run 2.5h 75·80% NC (IMPE), 3.3 x 1 (1.5h PE) Nehlsen-
N=24M,6F V02max Cannarella et 
at. (1997) 
Triathletes Run at 75% VO,=, 4x 1 (lMPE), 7-8 x 1 (1.5h, 3h PE) Nieman et al. 
N=IO 2.5h 3x 1 (lMPE), 6.5 x 1 (1.5h, 3h PE) (l998b) 
Cycle at 75% VO,~, 
2.5h 
Runners Ultrarnarathon 90km, 20x 1 (IMPE), 2 x 1 (I day), Ne (2 Nieman et at. 
N=29 -lOh days PE) (2000a) 
M & F tennis players 2h tennis drills, mean NC (IMPE, Ih PE) Nieman et at. 
N=IOM,IOF HR 160bpm (with CHO supplementation) (2000b) 
Marathon runners Marathon race, mean NC (IMPE), 40x 1 (Ih PE) Nieman et at. 
N=98 time 3.8h (2001) 
Runners UItrarnarathon 80km 2 x 1 (at 32km), 27x 1 (lMPE) Nieman et al. 
N=13 (2002a) 
M Endurance athletes Run 75% VO,=, NC (IMPE), 9xt (Ih PE), 18x t Ostrowski et 
N=1O 2.5h (2h PE), 4 x t (4h PE), Ne (6h PE) al. (l998a) 
M Marathon runners Marathon race mean 15x t (IMPE), 39x t (Ih PE), Ostrowski et 
N=IO time 3h 27min al. (1999) 
M Recreational 5% downhill 2x t (IMPE), 2.5x t (lh PE), 3.5x Petersen et al. 
runners treadmill,75% t (2h PE ), 20% t (I day PE), NC (2001) 
N=20 VO,~" 90min (2dayPE) 
Runners (mean age Marathon race, mean 9.3 x t (IMPE), 26.7 x (1.5h PE) Pistilli et al. 
37.4) N= 73 time 4.31 h (2005) 
Runners (mean age 7.2 x t (IMPE), 15.8 x (1.5h PE) 
57.0) N=23 
M Marathon runners Marathon race, 214x t (Ih PE) Suzuki et al. 
N=16 42.195 km (2000) 
M Endurance trained Marathon race, 2h 40x t (IMPE), NC (1.5, 3h PE) Toft et al. 
N=20 39min - 4h 22 min (2000) 
(plasma changes unless otherwise stated. Ne; No change, NO; Not detected, IMPE; immediately post-
exercise, PE; post-exercise, M; males, F; females, CHO; carbohydrate, t; increased, !; decreased) 
2.5.1.3 Interleukin-2 
Interleukin-2 (IL-2) is a cytokine synthesised and secreted primarily by activated 
T-hclper lymphocytes. InterIeukin-2 acts as an autocrine factor by driving the clonal 
expansion and differentiation of antigen-specific T cells, and as a paracrine factor, 
influencing the activity of other cells, including B lymphocytes, macrophages and NK 
cells (Abbas, 2000). The biological activities of IL-2 are mediated by the binding to a 
multi-molecular cell receptor, which consists of 3 glycoprotein chains, a, p, y 
subunits termed CD25, CD122 and CD132 respectively. 
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InterIeukin-2 has not been measured in large number of exercise studies. Exercise 
studies that have measured IL-2 document either no change (Bury et al., 1996; Castell 
et al., 1997; Weinstock et al., 1997; Nieman et aI., 2001) or a decrease in serum 
concentration of IL-2 post-exercise (Espersen et al., 1990; Bury et al., 1996; Suzuki et 
al., 2000). A reduction in the concentration of IL-2 has been considered to reflect an 
increase in the number of activated lymphocytes expressing the lL-2R. This would 
result in an increase in the binding of soluble IL-2, thus reducing the amount of lL-2 
available in circulation. This could be linked to an increase in NK cell number, as NK 
cells express the highest density of the 11..-2 receptor (Shek et aI., 1995). To date, 
there is a lack of understanding of what exactly the role of lL-2 in exercise and 
exercising muscle is. It has been demonstrated that IL-2 can influence the 
microcirculation in skeletal muscle (Sims et aI., 1994), which may affect the 
contractile capability of the muscle, although this requires further investigation. 
Evidence from muscle biopsies suggests that, even in severe myopathies, there is only 
a very Iow expression of IL-2 actually within the muscle (Lundberg et aI., 1997). 
A common measure of the effects of exercise on cell function is by in vitro cell 
culture. Changes in cellular cytokine production can suggest changes in cell activity. 
Baj et al. (1994) found there was a significant reduction in phytohemagglutnin-
stimulated in vitro production of lL-2 from lymphocytes isolated from resting male 
cyclists when compared to non-athlete controls. In the same group of cyclists, the IL-
2 response was found to reduce by 50% over a 6-month training season. This change 
could not be attributed to changes in cell counts. A decline in IL-2 response can 
partially be attributed to prostaglandin activity since the addition, in vitro, of 
indomethacin (a prostaglandin inhibitor) restored the IL-2 production in cells obtained 
from subjects following Ih cycling at 75% V02max (Tvede et al., 1993). InterIeukin-2 
may not be involved in a post-exercise inflammatory response but over time, may be 
involved in immuno-modulation of the immune response and may play an important 
role in 'overtraining syndrome'. 
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2.5.1.4Interleukin- 4 
InterIeukin·4 (IL-4) was initially characterised as a B cell stimulatory factor (BSF-l) 
(Howard et al., 1982), and as a B cell differentiation factor (Vitetta et aI., 1985). It has 
subsequently been shown that IL-4 is a pleiotropic cytokine, modulating functions on 
many cell types including T cells, monocytes, macrophages and mast cells (Park et 
al., 1987; Lowenthal et al., 1988; Lacey et aI., 1993). InterIeukin-4 is classified as an 
anti-inflammatory cytokine as it inhibits the macrophage production of IL-l, IL-6, IL-
8 and TNFa (EIIiott et aI., 1991; Choi & Reiser, 1998; Abbas, 2000) and up-regulates 
IL-lra production (Espersen et al., 1995; Maim et al., 2000). It is required for the 
differentiation of Th2 Iymphocytes and for the B Iymphocyte polyclonal IgE response. 
On endothelial cells, in combination with TNFu, (Barks et aI., 1997), IL-4 enhances 
the expression of VCAM-l which increases the cell adhesion of T cells, eosinophiIs, 
basophils, monocytes but not neutrophiIs (ThornhiII et aI., 1990; ThomhiII & 
Haskard, 1990; Kotowicz et al., 2000; Stocker et al., 2000). In fact, it is suggested 
that IL-4 is an inhibitor of neutrophil migration by causing the down-regulation of 
ICAM-l (Saleem et aI., 1998). 
Often levels of plasma IL-4 are either undetected or are unchanged following 
exercise, for both marathon running (Suzuki et aI., 1999; Nieman et al., 2001) and 
acute exercise (Moyna et al., 1996; Maim et al., 2000). The same is true following the 
in vitro cell culture of peripheral blood cells post-exercise (Moyna et al., 1996; 
Moldoveanu et al., 2001, Steensberg et aI., 2001b). A study by Suzuki et al. (2002) 
reported that there was an elevation of plasma IL-4 2h after a graded maximal 
exercise test to exhaustion. The authors suggest that future research is required to 
clarify the involvement of delayed onset secretion of IL-4 post-exercise. 
2.5.1.5 Interleukin-6 & interleukin-6 receptor 
InterIeukin-6 (IL-6) is a pleiotropic cytokine that is expressed by a range of cells that 
include; T cells, B cells, monocytes, macrophages, fibroblasts, hepatocytes, 
endothelial cells and skeletal muscle cells. The production of IL-6 is up-regulated by 
numerous signals including mitogenic or antigen stimulation; LPS, IL-l, IL-2, IFN'y, 
TNF, platelet-derived growth factor (PDGF) and viruses (Van Snick, 1990; Akira et 
al., 1993; Hirano, 1994). Interleukin-6 is the major cytokine responsible for the 
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release of acute phase proteins from liver and stimulates the secretion of IL-lra, IL-lO 
and soluble TNF receptor (DeRijk et aI., 1997; Cannon & St Pierre, 1998; Northoff et 
al., 1998; Jeukendrup et al., 2000). As a consequence of the increase in IL-I0 and IL-
Ira, IL-6 itself has been suggested to be anti-inflammatory, ultimately resulting in an 
inhibition of IL-I~ and TNFa (Pedersen et al., 2001a; Steensberg, 2003). InterIeukin-
6 expression by monocytes is inhibited by IL-4 and IL-13. 
InterIeukin-6 exerts its activity through binding to a high affinity receptor complex 
consisting of two membrane glycoproteins: IL-6 binding receptor protein (IL-6R) and 
a 130kDa signal-transducing protein (gp130) (Hibi et al., 1990; Saito et al., 1992). 
Gp130 is expressed ubiquitously throughout the body (Hibi et al., 1990; Saito et al., 
1992). The distribution of the IL-6 receptor is more restricted. InterIeukin-6 has been 
shown to bind to IL-6R with low affinity (Yamasaki et al., 1988; Sugita et aI., 1990) 
but in the absence of IL-6R, IL-6 does not appear to bind to gp130 (Hibi et aI., 1990; 
Saito et al., 1992). However, the presence of JL-6R together with gp130 results in the 
formation of high affinity IL-6 binding and subsequent signal transduction (Taga et 
al., 1992). 
The soluble form of the IL-6R, was first identified in human urine (Novick et aI., 
1989), but is also found in the serum (Tamura et al., 1993; De Benedetti et aI., 1994). 
The cytoplasmic domain of the IL-6R is apparently not required for IL-6 high-affinity 
binding and signal transduction since the soluble form of IL-6R, when complexed to 
IL-6, can also trigger high affinity IL-6 binding and signalling, on target cells which 
lack the IL-6R, but express gp130 (Hibi et aI., 1990). To date, the regulation of the in 
vivo production of soluble IL-6R and its physiological significance are not well 
understood. However, elevated serum soluble IL-6R levels have been associated with 
some pathological states, including multiple myelomas, adult T cell leukaemia and 
HIV infection (Novick et aI., 1989; Honda et al., 1992; Lust et aI., 1992; Suzuki et 
al., 1993; Jones et aI., 2001). InterIeukin-6 receptor mRNA is found in skeletal 
muscle, but at low levels (Pedersen et al., 2001b). The level of expression of the 
receptor is subject to signal induction, for example by LPS stimulation (Zhang et al., 
1994). It is suggested that low levels of expression of the IL-6R in skeletal muscle are 
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compensated for by soluble IL-6R, which can substitute for the membrane-bound 
receptor (Croucher et al., 1999). 
There appear to be many activities of IL-6, including endocrine, paracrine and 
autocrine action. The wide variety of activities suggests that there may be different 
isoforms of the protein, each of which may be responsible for the different 
bioactivities. Circulating levels of IL-6 are elevated during times of sepsis, shock and 
surgery (Schluter et aI., 1991; Damas et aI., 1992). Interleukin-6 has been classified as 
both a pro- and anti-inflammatory cytokine. The current view within exercise science 
is that IL-6 has primarily anti-inflammatory effects (Pedersen et aI., 2001b), as it is 
considered to respond to inflammation rather than initiate it (Pedersen, 2000). This is 
because IL-6 does not up-regulate nitric oxide or matrix metalloproteinases, which are 
major mediators of inflammation. IL-6 directly inhibits the expression of TNFa and 
IL-l and induces the anti-inflammatory cytokine IL-lra (Pedersen et al., 1998). 
Interleukin-6 has been shown to predict total and cardiovascular mortality (Ridker et 
al., 2000a; Ridker et al., 2000b). Elevated levels of IL-6 are also associated with 
obesity, smokers, autoimmune disease and type-2 diabetes (V gontzas et al., 2000; 
Ishihara & Hirano, 2002). This activity has been suggested to arise from adipose 
tissue, as at rest, adipose is considered to produce 10-35% of the body's IL-6 
(Mohamed-Ali et al., 1997). Adipose also produces TNFa. It is this TNFa that has 
been suggested to act as the inflammatory cytokine in disease states and not IL-6 
(Pedersen et al., 2001b). However, the area of IL-6 research is by no means fully 
elucidated and much further research is required. 
The IL-6 response to strenuous exercise has been comprehensively reviewed by 
Pedersen et al.; (Pedersen et al., 2001a, Pedersen et aI., 2001b; Pedersen & Febbraio, 
2005). High intensity exercise as a stressor elicits an increase in plasma levels of IL-6 
(Ullum et al., 1994; Drenth et al., 1995; Mohamed-Ali et al., 1997; Ostrowski et al., 
1998a; Ostrowski et al., 1998b; Ostrowski et al., 1999). Of all the cytokines that have 
been measured after exercise, IL-6 responses are consistently elevated (Suzuki et al., 
2002) (Table 2.5.1.5). Following endurance exercise, the increases in plasma IL-6 are 
greater than for other cytokines (Table 2.5.1.1; Table 2.5.1.2; Table 2.5.1.5; Table 
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2.5.1.7; Table 2.5.1.8). This has been suggested to be because IL-6 production, unlike 
TNFa and IL-l~, is not inhibited by cortisol (DeRijk et al., 1997; Wilckens & De 
Rijk, 1997). During and after endurance exercise IL-6 appears relatively rapidly in the 
circulation (Ostrowski et al., 1998a; Pedersen et al., 2001a; Steensberg et al., 2001a), 
whereas short duration exercise studies have reported no change in the circulating 
concentration of IL-6 (Deuster et al., 1999; Brenner, 1999). Thus, IL-6 concentration 
in the blood appears to be more dependent upon the duration of the exercise, rather 
than the intensity (Ostrowski et aI., 1998a; Suzuki et aI., 1999; Pedersen et al., 2001a; 
Pedersen et aI., 2001b; Starkie et al., 2001a; Steensberg et al., 2001a). Interleukin-6 
has been shown to increase lOO-fold following prolonged strenuous exercise 
(Ostrowski et al., 1998a) and is considered to have a gluco-regulatory effect and 
regulate hepatic glucose output when the uptake of blood glucose is increased by 
prolonged exercise (Pedersen et al., 2001b). Carbohydrate ingestion has been shown 
to attenuate plasma IL-6 concentration during exercise (Starkie et aI., 2001a). 
Recent evidence shows that the majority of IL-6 produced in response to exercise 
originates from the skeletal muscle (Ostrowski et aI., 1998b; Pedersen et al., 2001a) 
and not from a monocyte or macrophage inflammatory response (Starkie et al., 2000; 
Starkie et al., 2001 b). It has been suggested that damaged muscle releases cellular 
fragments into the circulation that, in turn, may activate immune cells (Cannon & 
Fiaratone, 1996). The cytokine response to exercise is considered to be related to 
muscle damage; Bruunsgard et al. (1997) observed higher levels of plasma IL-6 when 
comparing eccentric with concentric exercise. They also observed an increase in 
plasma creatine kinase activity, which suggests that the cytokine response is related to 
the degree of muscle damage invoked. Plasma IL-6 concentration was reported to be 
higher after running than after cycling where running provides a larger eccentric 
exercise component than cycling (Nieman et aI., 1998b). However, later studies have 
failed to show an association between peak IL-6 and peak CK levels (Ostrowski et aI., 
1998b; Ostrowski et al., 1999). A study by Croisier et al. (1999) failed to find an 
association between the increase in IL-6 and biochemical markers for muscle damage. 
The mechanisms responsible for the IL-6 response are not fully elucidated. It is 
known that catecholamines can act as potent stimulators for IL-6 production and 
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release into plasma; however, this effect has generally been considered to result from 
the activation of ~-adrenergic pathways (van Gool et al., 1990; DeRijk et aI., 1994; 
Soszynski et al., 1996; Soszynski et al., 1997). A study by Mazzeo et al. (2001) 
demonstrates that blocking Cl-adrenergic receptors lowers the IL-6 response to the 
stress of short-term moderate-intensity exercise and hypoxia. This suggests that both 
Cl- and ~-adrenergic mechanisms can stimulate the release of IL-6 (see Section 2.5.5). 
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Table 2.5.1.5: Interleukin-6 responses to exercise 
(plasma changes unless otherwise stated. NC; No change, NO; Not detected, IMPE; immediately post-
exercise, PE; post-exercise, M; males, F; females, j; increased, t; decreased) 
SUbject Exercise Protocol Main Findings Reference 
Characteristics 
M Recreationally Eccentric cycling NC (during, IMPE), 4.7xj (2h Bruunsgaard et 
active 65%max 30min PE) at. (1997) 
N=9 Concentric cycling NC (during, IMPE, 2h PE) 
65% max 30min 
M Marathon runners Marathon race, mean 80x j (IMPE), 46 x j (Ih PE) Camus et at. 
N=18 time 3h38min (1997) 
M Healthy 30 maximal eccentric Before training: 5xj (IMPE), Croisier et al. 
N=5 contractions, knee 7xj (30min PE), NC (2-4d PE) (1999) 
flexor and extensors After training: 7.7xj 
after 5 training (IMPE),8.7xj (30min PE), NC 
sessions in 3 weeks (2-4dPE) 
M Healthy 3h dynamic 2 legged j net IL-6 release from leg. Peak Fischer et al. 
N=7 knee extension at 50% at 3.5h PE (2004) 
maximal work output 
M Healthy, approx 6h 300 eccentric 3.4xj (IMPE), 4.6xj (30min), Maclntyre et at. 
ex per week repetition of the right 5xj (4h PE), 6xj (6h), NC (20h (2001) 
N=12 quadriceps,30min PE), 60%j (Id), NC (2d PE) 
F Recreationally Cycle 50% max, 50-60% j (during; 30 & 40 min) Mazzeo et al. 
active, N= 8 50min (2001) 
Marathon runners Run 75-80% max, 8.5x t (IMPE), 5.2xt (1.5h PE) Nehlsen-
N=24M,6F 2.5h Cannarella et al. 
(1997) 
Triathletes Run 75% max, 2.5h 50xt (IMPE), 15xt (1.5h PE) Nieman et al. 
N=IO Cycle 75% max, 2.5h 25xt (IMPE), 8xt (1.5h PE (l998b) 
Runners 90km ultrarnarathon, 30 x j (IMPE), 30% t (l day PE) Nieman et al. 
N=29 approx IOh NC (2 day PE) (2000a) 
M Endurance trained Run 75% max, 2.5h 4 xt (during at 30min), 25 xt Ostrowski et al. 
N=1O (IMPE), 6 xi (6h PE) (1998a) 
M Marathon runners Marathon race, mean 63 xt (IMPE), 15 xj(2h PE) Ostrowski et at. 
N=16 time 3h 17min (1998b) 
M Marathon runners Marathon race, mean 128 xt (IMPE), gradual decline Ostrowski et al. 
N=IO time 3h 27min after (1999) 
M Moderately trained Run 90% max, 25min 2-2.5x t (IMPE, Ih PE) Papanicolaou et 
N= 15 at. (1996) 
Runners 90km ultramarathon, 25xt (IMPE), NC (24 & 48h Peters et al. 
N=16 approx 9-lOh post) (2001 a) 
M Recreational 5 % downhill treadmill 20xt (IMPE), IOxt (Ih PE), 7xt Petersen et al. 
runners run, 75% max, 90min (2h PE), NC (Id, 2d PE) (2001) 
N=20 
Distance runners Run 20km within 2h 3-5 x t (IMPE, Ih, 5h PE) Sprenger et at. 
N=22 (1992) 
Endurance trained Run 75% max, 2.5h 30x j (IMPE, 30min PE) Steensberg et al. 
N=9 (200Ib) 
M Untrained Cycle 90W (50% NC (during), 2.4x t (IMPE), NC Suzuki et at. 
N=8 max), 90min, repeated (lh PE), 3.2x t (3h PE) (1999) 
for 3 consecutive days 
M Endurance trained Marathon race, 92xt (IMPE), declined gradually Toft et al. 
N=20 2h39min-4h22min up to 3hPE (2000) 
M Moderately trained Cycle 75% max 75% t (IMPE), NC (2h, 4h PE) Ullum et al. 
N=17 60min (1994) 
M Healthy, untrained 45 min cycling at 70% t 6-fold (30min PE) Vassilakopoulos 
N=6 V02max et al. (2003) 
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2.5.1.61nterleukin-8 
Interleukin-S (IL-S) is a potent neutrophil chemotactic and activating factor (Bums et 
al., 1997). It is produced by many cell types, including most cells of the immune 
system, endothelial cells and has a wide range of pro-inflammatory effects. It causes 
degranulation of neutrophil-specific granules (Braun et aI., 1993), induces the 
expression of the cell adhesion molecules CDll and CDIS, and enhances the 
adherence of neutrophils to endothelial cells and sub-endothelial matrix proteins (Rot, 
1991; Braun et aI., 1993). Interleukin-S is produced in response to tissue damage 
inducing elevated IL-I and TNFa levels. Elevated IL-S levels have been reported in a 
number of inflammatory and respiratory disease states associated with an 
accumulation ofleukocytes (Saito et al., 1994). 
Although IL-S is infrequently measured in exercise studies it has been suggested by 
Pedersen & Toft, (2000) that IL-S, second to IL-6, is the cytokine most responsive to 
exercise. It was proposed by Suzuki et al. (2002) that the intensity of exercise, as well 
as the duration, is important for IL-S release. This is because IL-S has been 
documented to increase significantly in response to both brief, high intensity exercise 
(Mucci et al., 2000; Suzuki et al., 2002) and to more prolonged exercise, such as 
marathon races (Niess et al., 1999a; Nieman, 2001; Ostrowski et aI., 2001; Nieman et 
al., 2002). However, moderate intensity endurance exercise studies report no 
significant change in IL-S concentration (Suzuki et al., 1999; Henson et aI., 2000). 
Interleukin-S is slowly cleared from damaged tissue, and is suggested to be one 
possible mediator of the accumulation of neutrophils in skeletal muscle cells damaged 
by prolonged load-bearing and eccentric exercise (Fielding et aI., 1993) although this 
requires further investigation. 
2.5.1.71nterleukin-lO 
Interleukin-lO (IL-lO) is another pleiotropic cytokine that can exert either 
immunostimulatory or immunosuppressive effects on a variety of cell types. It is 
mainly produced by monocytes, macrophages and Iymphocytes, and is a potent 
modulator of monocyte and macrophage function. As a down-regulator of the cell-
mediated immune response, IL-I0 can suppress the production of prostaglandin E2 
and the potentially pro-inflammatory cytokines TNFa, IL-I, IL-6, IL-S and IL-I2 
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released by monocytes following activation (Fiorentino et aI., 1991; Niiro et aI., 
1994). It also enhances the release of the soluble TNF receptor, IL-Ira and inhibits the 
expression of the adhesion molecule ICAM-l (Leeuwenberg et aI., 1994; Willems et 
al., 1994). Interleukin-l0 has been reported to suppress the synthesis of the 
superoxide anion (Ryder et al., 1984), reactive oxygen intermediates, and either 
inhibit or facilitate NO synthesis depending on the time of exposure to activated 
macrophages (Corradin et al., 1993). This facilitation is one of many stimulatory 
functions on monocytes and macrophages and includes up-regulation of IL-Ira and 
CD64, and an increase in antibody-dependent cellular cytotoxicity (de Waal et aI., 
1992; te Velde et al., 1992; Jenkins et al., 1994). 
Following strenuous exercise, several studies have reported an increase in serum IL-
10 concentration (Northoff & Berg, 1991; Ostrowski et aI., 1999; Nieman et aI., 
2000a; Nieman et aI., 2001; Nieman et al., 2002 - see Table 2.5.1.7). These studies 
report a significant elevation in IL-I0 immediately or, in the first few hours post-
exercise. Following eccentric weight lifting Smith et al. (2000), report a significant 
elevation, up to 144h post-exercise. It is not clear why IL-lO is elevated for so long in 
this study, although the increase from baseline was only from approximately 1.5 
pg.rnI·! to approximately 3 pg.rnI·! at the peak increase at 48 h. From the graphical 
data presented in this study there is a wide range of responses between individuals. 
Repeating this study with a larger subject pool would help clarify this. Resistance 
training (Brenner et aI., 1999) and cycling studies (Gannon et aI., 1997; Brenner et 
al., 1999) report no change in serum IL-1O. A study by Frangogiannis et al. (2000) 
suggests that IL-lO is induced in reperfused myocardium and so may have a role 
within the muscle in the modulation of response to injury and repair. 
Recent research suggests that insufficient or inappropriate anti-inflammatory stimuli 
may be important when assessing increased risk of disease (Mallat et al., 1999; 
Pinderski et aI., 2002; Kim et aI., 2004). In a study assessing the influence of physical 
activity on serum IL-6 and IL-I0 levels in healthy men (Jankord & Jemiolo, 2004), a 
higher volume of physical activity was associated with decreased IL-6 levels and 
increased IL-1O in very healthy older males. This study demonstrated the benefits of 
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regular physical activity, in comparison to the transient stress responses evoked by a 
single bout of demanding exercise 
Interleukin-l0 is another cytokine that can be modulated by diet; a study by Bishop et 
al. (2001) reported that plasma post-exercise concentrations of IL-6 and JL-lO were 
lower when subjects consumed a high carbohydrate diet, as compared to a low 
carbohydrate diet. 
Table 2.5.1.7: Interleukin-lO responses to Exercise 
runners 
M Marathon runners 
N=lO 
Runners, mean age 
37.4 yrs N= 73 
Runners mean age 
N=6 
Exercise Protocol Main Findings 
60 xi (IMPE), Ne (I d, 2d PE) 
race, mean 
Marathon race, mean 27 xi (IMPE), gradual decline 
time 3h 27min after 
Marathon race, mean 27xi (lMPE), 9xi (1.5 h PE) 
time 4.3lh 
27xi (IMPE), 13xi (lh PE) 
exercise, PE; post-exercise, M; males, F; females, t; increased, !; decreased) 
2.5.1.8 Tumour necrosis factor alpha (TNF a) 
Reference 
et al. 
post-
Tumour necrosis factors (TNFs) are considered to be inflammatory cytokines and 
initiate the cytokine cascade in response to infection and sometimes cancer. This is a 
critical response for the successful resolution of diseases but an uncontrolled response 
can result in host damage, for example in septic shock following infection with Gram-
negative bacteria (Tracey et aI., 1987). Tumour necrosis factor alpha appears to be the 
first cytokine systemically released in the inflammatory cascade and peaks within 2h 
after the onset of sepsis (Shephard, 2001). Overproduction of TNF has been 
implicated in pathological states such as cachexia (Beutler et aI., 1985; Oliff, 1988), 
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autoimmune disorders (Pujol-Borrell et aI., 1987) and peripheral arterial disease 
(Signorelli et al., 2003). 
There are two main forms of TNF; TNFa. and TNF~. Tumour necrosis factor a. is 
produced by many cell types including neutrophils, activated Iymphocytes, 
macrophages, NK cells and endothelial cells (Oppenheim & Feldmann, 2000). 
Tumour necrosis factor ~ is produced by Iymphocytes (Vilcek & Lee, 1991). There 
are two distinct receptor types; TNFR-I and TNFR-II which both release soluble 
forms of their receptor into circulation. Soluble TNF-binding proteins have been 
identified in both human serum and urine (Olsson et al., 1989; Seckinger et al., 1989; 
Engelmann et aI., 1990) at concentrations of about 1-2 ng.m1·! (Chouaib et al., 1991; 
Aderka et al., 1992). These can neutralise the biological activities of TNF's. Levels of 
soluble TNFR have been shown to be stimulated by exercise (Tilz et al. 1993; 
Ostrowski et al., 1999), this response will neutralise active TNF that is released and 
help prevent systemic damage from an exaggerated TNF profile. 
The effects of exercise on TNFa. concentration are mixed. Often there has been no 
reported change in TNFa. concentration following exercise (Sprenger et al., 1992; 
Drenth et aI., 1995; Ostrowski et aI., 1998a) (Table 2.5.1.8). One limitation may be 
the sensitivity of the bioassays available for the measurement of TNFa.. Often the 
plasma concentration falls below the limit of detection of the assay. With plasma 
concentration in normal subjects being so low and elevated levels showing only a few 
fold increase, studies need relatively high numbers of subjects in order to obtain 
meaningful data. Resting baseline TNFa. concentration have been reported to be 
elevated in distance runners compared with non-athlete controls, (who showed no 
measurable levels of TNFa.) (Sprenger et al., 1992). A correlation of R=0.83 was 
calculated between plasma TNFa. and IL-l ~ concentration in endurance athletes, 
suggesting that IL-l and TNFa. are released in response to the same types of 
physiological stress (Smith et al., 1992). 
Endurance exercise results in the highest levels of exercise-induced TNFa., however, 
even this increase is often only up to a 3-fold increase from baseline (Dufaux & 
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Order, 1989; Camus et aI., 1997; Ostrowski et al., 1999). Studies that do not report a 
TNFa response to exercise are often of a lower intensity for example; 1 h cycling at 
75% V02max (Ullum et al., 1994), Ih cycling at 60% V02max (Smith et al., 1992) and 
eccentric exercise of elbow flexors (Nosaka & Clarkson, 1996). This is not always 
consistent however, as there was no change or detection in TNFa following either a 
20km run (Sprenger et al., 1992) or a 6h 65km run (Drenth et al., 1995). The 
circulating half-life of TNFa is reported to be only 14-18min (Davies & Hagen, 1997) 
so many studies may miss the peak concentration following exercise simply because 
of the sampling schedule. The increase in sTNFR following exercise may also be 
important here, as this may neutralise TNFa and rapidly remove it from the 
circulation before it can be measured. In vitro stimulation of monocytes with 
lipopolysaccharide has been shown to increase TNFa production after exercise 
(Rhind et aI., 2001), however, it is suggested that monocytes are not responsible for 
the post-exercise plasma elevations in TNFa (Moldoveanu et al., 2000; Starkie et al., 
2001b). 
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Table 2.5.1.8: Tunwur Necrosis Factor Alpha responses to Exercise 
Subject Exercise Protocol Main Findings Reference 
Characteristics 
M Recreationally Eccentric cycling ND (IMPE, I h PE) in either test Bruunsgaard et 
active 65%max 30min protocol al. (1997) 
N=9 Concentric cycling 
65% max 30min 
M Marathon runners Marathon race, mean 64%x t (IMPE), 72% x t (Ih Camus et al. 
N=18 time 3h38min PE) (1997) 
M Recreational I .5km swim, 40km 56%j (IMPE), 72%t (lh PE), Camus eta/. 
athletes bicycle, IOkm run NC (Id PE) (1998) 
N=16 in2.5h 
M Sport students Run approx 30km, Ne (during), 70%t (lh PE), NC Dufaux& 
N=8 2.5h (IMPE, 3h PE) Order, (1989) 
M Cyclists 250km cycle road race 2.3xt (IMPE),70%t (2.5h PE) Gannon et al. 
N=6 in approx 6.5h (1997) 
Runners 90km ultrarnarathon, 10% xt (IMPE), NC (Id, 2d PE) Nieman et al. 
N=29 approx IOh (2000a) 
Marathon runners Marathon race, mean Ne (IMPE, 1.5h PE) Nieman et al. 
N=98 3.8h (2001) 
M Marathon runners Marathon race, mean 2.3 xt (IMPE, 1.5h PE), gradual Ostrowski et al., 
N=IO time 3h 26min decline after (1999) 
M Untrained, N=8 Cycling 60min, 60% Ne (IMPE, 3h, 6h PE) Smith et al. 
M Trained N=8 V02max (1992) 
M Untrained Eccentric weight Ne (1.5, 6, 12,24,48,72,96, Smith et al. 
N=6 lifting: 4 sets of 12 120, 144h PE) (serum) (2000) 
maximal repetitions of 
bench press and curl 
Distance runners Run 20km within 2h Not detected (IMPE, Ih, 5h PE) Sprenger et al. 
N=22 (1992) 
M Runners Marathon race 4.3xt (IMPE), 4xt (2h PE) Starkie et al. 
N=5 2h3lmin-3h25min (200Ib) 
M Endurance trained Marathon race, 3xt (IMPE), declined gradually Toft et al. 
N=20 2h39min-4h22min up to 3hPE (2000) 
(plasma changes unless othel"W1se stated. NC, No change, ND; Not detected, IMPE, ImmedIately post-
exercise, PE; post-exercise, M; males, t; increased, L; decreased) 
2.5.1.9 Interferon gamma 
Interferon gamma (IFNy) is a multi functional protein that is mainly produced by T 
Iymphocytes and NK cells. Functionally, IFNy exerts a variety of effects including 
antiviral, antiprotozoal and immunomodulatory activities (Paliard et al., 1988; 
Locksley & Scott, 1991; Christmas, 1992; Bruserud et al., 1993). The immuno-
modulatory effects are diverse and include; increased expression of class I MHC 
antigens on monocytes and macrophages (Rhind et al., 2001), induction of IL-I 
production (Northoff et al., 1998) and up-regUlation of ICAM production on 
endothelial cells (Thornhill & Haskard, 1990). It is an important factor in the 
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induction of cachexia in cancer (Tisdale, 2000). Interferon gamma is detected in both 
human plasma and urine, elevated concentrations have been suggested to increase 
susceptibility to infection (Northoff et al., 1998). Animal studies have shown an 
increase in in vitro proliferation of skeletal muscle cells in response to IFNyexposure 
(Kelic et aI., 1993). 
Few studies have measured the IFNy response following exercise. Those studies that 
have measured it report no change, even after long-duration endurance exercise; 
(Sprenger et aI., 1992; Suzuki et aI., 1996; Garmon et al., 1997; Weinstock et al., 
1997). In vitro measurements of INFy production by peripheral blood cells indicate a 
transient decreased response following exercise (Northoff et al., 1994; Weinstock et 
al., 1997; Northoff et al., 1998; Moldoveanu et aI., 2001; Steensberg et al., 2001a). 
Neopterin is a metabolite of IFNy. Since IFNy is rapidly degraded after release, some 
studies have used neopterin as a surrogate biomarker for IFNy after exercise 
(Sprenger et al., 1992; Castell et al., 1997; Nieman et aI., 2000a). Sprenger et al. 
(1992) reported a 30% increase in urinary excretion of neopterin 1-24h post a 20km 
run by trained runners. Nieman et al. (2000a) report a significant increase in plasma 
neopterin 1-24h post a 2.5h run. 
2.S.1.10 Interleukin-12 
Interleukin-12 is an immuno-modulatory cytokine that activates NK cells and T 
lymphocytes and drives the production of IL-2 and IFNy (Armitage et al., 1995; 
Romagnani, 1997). Interleukin-12 has rarely been measured in exercise studies. Those 
studies that have measured it report either undetectable levels (Gannon et al., 1997; 
Suzuki et al., 2000; Nieman et aI., 2001; Steensberg et al., 2001a;) or inconsistent 
effects (Akimoto et al., 2000). This is suggested to be due to rapid down-regulation of 
IL-12 and the bioassay of different target epitopes (Suzuki et al., 2002). 
2.S.I.II Interleukin IS 
Interleukin-15 is expressed by a range of cells, including monocytes, endothelial cells 
and skeletal muscle (Armitage et aI., 1995). It has a similar action to that of IL-2 
(Armitage et al., 1995; Giri et al., 1995). Interleukin-15 can stimulate differentiated 
myocytes and muscle fibres and so accumulate increased amounts of contractile 
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protein (Quinn et al., 1995). Interleukin-15 has not been investigated in many exercise 
studies; one study following 2.5h of treadmill running reported no change in IL-15 
(Ostrowski et aI., 1998a). However, because of the role of IL-15 in muscle, it is a 
cytokine that warrants further investigation, both systemically and locally within the 
tissue. 
2.5.2 Acute phase response 
Acute phase proteins are a range of plasma proteins that are induced in response to 
tissue injury or infection, and include C-reactive protein (CRP) (the predominant 
acute phase protein), serum amyloid A, (Xl-anti-trypsin, (Xz-macroglobulin, fibrinogen 
and C9 (complement protein) (Roitt, 1991). Following an inflammatory response, the 
release of IL-l and IL-6 induce the liver to increase the synthesis and release of CRP 
into circulation and CRP may increase up to lOOO-fold. C-reactive protein is able to 
activate the complement pathway and bind to invading microbes; which results in 
opsonisation of the microbe and enhances phagocytosis (Sipe, 1990). Elevated base-
line concentrations of CRP are considered to be a risk factor for atherosclerosis and 
coronary heart disease (Shah, 2000). There is some suggestion that circulating CRP 
concentration can be markedly suppressed by intense regular physical exercise 
(Tomaszewski et al., 2003; Kasapis & Thompson, 2005). 
Increased levels of CRP have been observed after exercise. Peak concentration is 
generally around 24h post-exercise (Gleeson et al., 1995a). There is a delay between 
peak cytokine concentration and peak acute-phase proteins. The longer half-life of 
plasma CRP makes it a more stable marker of sub-clinical inflammatory status than 
some cytokine measures (Pearson et al., 2003). Following exercise, it seems that CRP 
is induced more by IL-6 than IL-l, as IL-6 shows greater serum elevations in response 
to exercise than IL-I. Following anaerobic exercise (repeated short, all-out cycle 
ergometer tests) there was a significant elevation in CRP 24h following exercise, 
which was greater than for a single bout of exercise (Meyer et aI., 2001). There are 
mixed reports on the resting levels of CRP in athletes, as compared with non-athletes. 
Dufaux et al. (1984), reported that swimmers and rowers have lower resting CRP 
concentrations than long distance runners, road cyclists and soccer players. This was 
partly attributed to lower levels of mechanical stress being place on the body in 
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swimming and rowing. Smith et al. (1991) report an increase in CRP 24h post 60min 
of cycle ergometry at 60% V02max in untrained subjects, but not in trained subjects. 
Long duration exercise induces the acute phase response 24h post-exercise (Strachan 
et aI., 1984; Taylor et al., 1987; Castell et al., 1997). Prolonged cycling for 4h 
induced a moderate acute phase response, with CRP rising from O.5mg.ri to 1.8mg.ri 
24h post-exercise. This indicates that a single bout of cycling only has a moderate 
effect on the acute phase response (Scharhag et al., 2005). 
2.5.3 Heat shock proteins 
Heat shock proteins (Hsps) provide a cell protective function and act as antioxidants 
against stress and cell damage (Locke & Noble, 1995; Moseley, 2000). They are 
ubiquitous molecules that are induced by cell stress. Heat shock proteins consist of 
several families; with some of the more important proteins considered to be Hsp27, 
Hsp60, Hsp70, haemoxygenase 1 and gp96 (Fehrenbach & Northoff, 2001b). Heat 
shock proteins may serve as a 'danger signal' to the innate immune system at the site 
of tissue injury (Wallin et al., 2002). The expression of Hsps is via heat shock or by 
the presence of denatured proteins that arise from ROS damage (Freeman et aI., 
1999). They act by binding to damaged proteins and regulate the correct protein 
folding and the transport of newly synthesised polypeptides. 
Elevated intracellular Hsp72 provides protective functions for the cell when under 
stress (Hartl, 1996). Intracellular Hsp72 has been reported to decrease cytokine 
production, whilst extracellular Hsp72 and Hsp70 have been suggested to function as 
pro-inflammatory cytokines that activate monocytes (Asea et aI., 2000) and stimulate 
other innate immune processes (Multhoff et al., 1999; Breloer et al., 2001). Exercise 
has been shown to increase serum Hsp72 in humans (Walsh et aI., 2001). This 
increase preceded any increase in Hsp72 gene or protein expression in contracting 
muscle, which suggests that serum Hsp72 is released from existing pools from either 
muscle or other organs following exercise. 
Intense exercise results in oxidative stress, inflammation, and increased body 
temperature and muscle stress. Heat shock proteins provide some of the protection 
and/or tolerance for these stressors on the body (Fehrenbach & Niess, 1999). Intensive 
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exercise is able to stimulate Hsp production in both leukocytes (Niess et al., 1999b; 
Fehrenbach et aI., 2000; Fehrenbach et al., 2001a; Shin et al., 2004) and skeletal 
muscle (Locke & Noble, 1995; Essig et aI., 1997; Essig & Nosek, 1997; Hemando & 
Manso, 1997). It is suggested that haemoxygenase-l (HO-I) is induced by exercise-
induced oxidative stress (Niess et al., 1999b) as it is not induced via heat shock. One 
study has reported a slight reduction with alpha tocopherol intervention in post-
exercise Hsp responses in leukocytes (Niess et al., 2002). Exercise-trained subjects 
exhibit a down-regulation of Hsps (Niess et al., 1999b; Fehrenbach et al., 2000) 
which may be indicative of the adaptive response to exercise, as the ability to respond 
to exercise stress is not impaired in these subjects (Fehrenbach et aI., 2000), 
2.5.4 Adhesion & cell-surface markers 
Pro-inflammatory cytokines may indirectly stimulate chemotaxin release from other 
cell types or may act upon the endothelium to up-regulate adhesion molecules. Cell 
adhesion molecules are expressed on the surfaces of both leukocytes and endothelial 
cells. There are several families of cell adhesion molecules; cadherins, integrins, 
immunoglobulin superfamily and selectins (Pigott & Power, 1994). Shepherd et al. 
(2000) suggest also that mucins (e.g. CD45) are adhesion molecules. Integrins 
mediate the recruitment of leukocytes by binding to specific ligands and allowing 
cell-cell and cell-substrate interactions and facilitate firm adhesion to the endothelium 
(Amaout, 1990). One of the most important mechanisms of integrin function is the 
rapid transition of cells from a non-adhesive, low affinity state to a transient high 
affinity state in response to a stimulus (Imhof & Dunon, 1997). Integrins also 
transduce signals into the cell, which are considered to control adhesion-related 
processes (Clark & Brugge, 1995). 
The immunoglobulin superfamily includes ICAM-l (CD54), ICAM-2 (CDI02) and 
VCAM-l (CD106) adhesion molecules. The regulation of ICAM-l and VCAM-l 
expression on endothelial cells confers an on-off switch for the local activation of cell 
adhesion and migration. Leukocytes adhere poorly to resting endothelial cells i.e. 
when ICAM-l is weakly expressed and VCAM-l is absent. However, during 
inflammation, the expression of each is rapidly up-regulated. Studies in knock-out 
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mice confirm that when selectins or ICAM-I are absent there are major defects in the 
inflammatory responses (Mayadas et al., 1993; Sligh, et aI., 1993). 
Intercellular adhesion molecule I (CD54) is constitutively expressed on the 
endothelial cell surface and is up-regulated by pro-inflammatory mediators. It is 
important in the firm adhesion of cells and in subsequent transmigration (Springer, 
1994). Soluble cell adhesion molecules can act as competitive inhibitors to the cell-
surface adhesion molecules by binding to the respective adhesion molecule counter-
receptors and interfere with the leukocyte-endothelial interaction (Gearing & 
Newman, 1993). In inflammatory diseases concentrations of circulating adhesion 
molecules are increased several times (Blann et aI., 1996). High circulating levels of 
soluble adhesion molecules are associated with vascular diseases such as 
atherosclerosis (Signorelli et al., 2003). The day-to-day variability of soluble adhesion 
molecules has been reported to be up to 8%, with considerable inter-subject 
variability (Jilma et aI., 1994). Following an incremental graded ergometry exercise 
test in untrained healthy subjects there were small changes in circulating adhesion 
molecules immediately after the exercise test; sICAM-I increased by 11 %, with 
similar tendencies for sVCAM-I and sE-selectin (Jilma et al., 1997). 
Integrins most commonly measured within exercise immunology include the 
leukocyte function associated antigen (LFA-I; CDlla/CDI8) and the complement 
receptor type-3 (CR3), (Mac-I; CDllb/CD18). The predominant adhesion pathways 
are mediated by the following integrin-adhesion molecule pairs; VLA-4IVCAM-l, 
LFA-IIICAM-I, LFA-IIICAM-2 and Mac-IIICAM-I (Imhof & Dunon, 1997). When 
integrins are bound to a ligand, they become connected to the cellular cytoskeleton. It 
is this integration that leads to a conformational change from a round to a flattened 
cell shape to facilitate cell movement through the vascular wall. 
Selectins are a family of receptors designated L-, P- and E-selectin, found on 
leukocytes (L-selectin; CD62L), platelets and endothelial cells (P-selectin; CD62P), 
or endothelial cells only (E-selectin; CD62E) (Lasky, 1992) and are responsible for 
the initial 'tethering' of leukocytes to the endothelium. L-selectin contributes to 
lymphocyte and neutrophil migration, P-selectin is involved in the earliest phase of 
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neutrophil recruitment and E-selectin is involved in the adhesion of neutrophils and T-
Iymphocyte subsets to acute inflammatory sites (Imhof & Dunon, 1997). 
During exercise there is an increase in circulating levels of cytokines, which may 
initiate the adhesion process. As a result of increased heart rate and potential changes 
in plasma volume there can be increased shear force, which can also contribute to the 
up-regulation of adhesion molecules on the endothelium. When assessing adhesion 
molecule expression there are two aspects of expression to consider; the density of 
molecule expression per cell and the proportion of cells expressing the molecule of 
interest. 
CD 11 b expression has been shown to increase during endurance exercise, and 
decrease after (Jordan et al., 1999). A comparison of the exercise responses of 
endurance athletes cycling to exhaustion at 110% of the individual anaerobic 
threshold to a non-exercise control day reported that CDllb and CDI8 significantly 
increased by the end of the exercise but that expression was lower 2 and 6h post-
exercise than on the control day (Gabriel & Kindermann, 1998). A treadmill study by 
Gault et al. (1995), reported a significant decrease in the expression of both monocyte 
and neutrophil CDllb and CD18 expression at the time of peak exercise. A study by 
Peake et al. (2003), compared moderate intensity exercise with high intensity 
exercise. Exercise decreased the expression of CDllb and CDI6. However, only 
CD16 expression was influenced by exercise intensity. 
Other studies have reported an increase in CD 11 b expression following eccentric 
exercise (Pizza et al., 1996; Maim et aI., 1999; Maim et al., 2000) and following 
acute and chronic exercise (Shephard et aI., 2000). In the investigation by Pizza et al. 
(1996) following 2 bouts of eccentric exercise with a 3-week interval between the two 
tests, both tests reported increased neutrophil expression of CD 11 b and CD64, but 
72h post-exercise. The expression of CDllb and CD64 was higher in the first than the 
second study. This suggests that repetitive exercise may result in lower levels of 
activation as part of the adaptive response to exercise. 
69 
A bout of brief anaerobic exercise was shown to increase the proportion of circulating 
mature monocytes (CD14+CD16+) that exhibited high LFA-1 expression, this was at 
the expense of regular, low LFA-1 positive monocytes (CD14+CD16) (Steppich et 
aI., 2000). In prolonged exercise, for example ultramarathon conditions, the opposite 
was true (Gabriel et aI., 1994a). It has been suggested that regular and mature 
monocytes have differential homing, as regular monocytes exhibit lower expression 
of CD1la and C0l8, but higher C0l1b than mature monocytes (Gabriel et al., 1994c; 
Rothe et aI., 1996). Springer et al. (1994), suggest that a change in avidity of adhesion 
molecules is associated with an increase in body temperature and secretion of 
cytokines. 
L-selectin (CD62L) expression density has been reported to increase in female 
subjects following six sets of 10 repetition squats over 15min, although there was no 
change in the proportion of neutrophils expressing CD62L (Miles et al., 1998). 
Following 60min exercise at 60% of aerobic power there was a reported decrease in 
the surface density of CD62L, followed by an increase in CD62L during the 
secondary neutrophilia response to exercise (Kurokawa et al., 1995). Following a 
stress event, CD62L expression is considered to be reduced on circulating cytotoxic 
lymphocytes and NK cells as a result of peripheral redistribution of CD62L- cells into 
the peripheral blood stream, as well as possible shedding of CD62L from individual 
cells (Rehman et al., 1997; Miles et aI., 1998; Goebel & Mills, 2000). The relative 
increase in CD62L- lymphocytes is believed to result from the preferential release into 
the circulation of CD62L- cells, rather than actual down regulation of L-selectin in 
response to exercise (Kurokawa et al., 1995; Mills et al., 1999; Mills et al., 2000). 
CD95, also known as Fas or Apo-1, is a cytoplasmic polypeptide that is expressed by 
activated lymphocytes, monocytes and neutrophils (Barclay, 1997). The extracellular 
region of CD95 binds to Fas ligand (FasL), which induces apoptosis in activated cells. 
There is conflicting data on CD95 expression in response to exercise in humans; 
following exhaustive exercise Mooren et al. (2002), reported an increase in 
lymphocyte CD95 expression, whereas Steensberg et al. (2002), found no increase in 
the number of apoptotic cells following 2.5h of running at 75% VOZmax although there 
was an increase in the relati ve proportion of apoptotic cells. It has been suggested that 
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glucocorticoids are capable of inducing apoptosis in lymphocytes (Jamieson & 
Yamamoto, 2000) and that cells may become more responsive to glucocorticoids after 
exercise (Vorobiev & Grigoriev, 1998). 
There are few comprehensive studies on cell surface expression on cell signalling 
molecules following exercise. Currently there is no consensus on the changes in 
response to exercise and it appears that changes are dependent upon study population 
and exercise mode and duration (Shephard, 2003). 
2.5.5 Neuroendocrine responses to exercise (Glucocorticoids & Catecholamines) 
The physiological and psychological stress responses invoked by exercise can 
modulate neuroendocrine responses and have an impact on immune function. During 
exercise sympathoadrenergic activity increases, which manifests as changes in 
circulating catecholarnines (adrenaline and noradrenaline) (Seals et al., 1988; Kjaer et 
a!., 1991). Arterial plasma concentrations of noradrenaline and adrenaline increase 
linearly with exercise duration and exponentially with intensity (Kjaer et a!., 1991). 
There is a suggested threshold of approximately 60% VOZmax for the release of 
adrenaline (Wilmore & Costill, 1999). Cortisol also increases as a function of exercise 
intensity relative to individual exercise capacity. Cortisol, however, is released only 
during vigorous exercise. Cortisol has been demonstrated to increase and peak after 
30 to 45 min of exercise (Wilmore & Costill, 1999). There is an exercise adaptive 
neuroendocrine response as both cortisol and adrenaline levels are lower in trained 
individuals (Mackinnon, 1999). 
The changes in leukocyte distribution post -exercise are considered to be due to stress 
hormones. Healthy volunteers were exercised on a bicycle ergometer at 75% VOZmax 
for 1 h on day 1, followed by an infusion of adrenaline on the second visit, to obtain a 
comparable plasma concentration to those induced by exercise. There were changes 
reported in leukocyte number, although the change was more pronounced in the 
exercise group, suggesting that other factors are also involved in this process (Tvede 
et al., 1994). Blocking the /3-adrenergic receptor by propanolol, following exercise 
blocked lymphocyte redistribution (Ahlborg & Ahlborg, 1970). Adrenaline infusion 
has been shown to result in a small increase in IL-6 (Steensberg et al., 2001 b), 
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suggesting that adrenaline may influence plasma levels of IL-6 in response to 
exercise. The IL-6 release during adrenaline infusion has previously been shown to be 
inhibited by a ~2-receptor antagonist (DeRijk et aI., 1994). Alpha-adrenergic blockage 
has also been reported to significantly lower the IL-6 response to exercise (Mazzeo et 
aI., 2001), suggesting a role for both a and ~ adrenergic responses. 
Glucocorticoid-mediated signal transduction cascades, in addition to NFKB, are 
important in regulating inflammation (McKay & Cidlowski, 2000). Whilst NFKB 
induces the expression of pro-inflammatory genes, the glucocorticoid receptor 
suppresses immune function by suppressing expression of the same genes. Therefore 
high levels of cortisol induced by exercise may have potentially immunosuppressive 
effects. Cortisol has been reported to cause neutrophilia, a decrease in lymphocytes 
and monocytes, and to suppress NK and T cell function (Pedersen et aI., 1997). There 
are several studies that have reported significant correlations between blood cortisol 
level and changes in cell counts (Gabriel et al., 1992b; Gabriel et al., 1992c), although 
others fail to find a relationship (Gray et al., 1993b; Pizza et al., 1995). Growth 
hormone is also involved in cellular distribution; neutrophilia has been shown in 
response to injection with growth hormone (Kappel et aI., 1993). Growth hormone 
responses are more related to the peak exercise intensity rather than the duration of 
exercise or total work output (Kjaer et al., 1991). 
The main source of cortisol is the adrenal cortex. Within muscle, cortisol is catabolic 
and increases the concentration of glucose in blood by stimulating gluconeogenesis. 
Cortisol has a marked circadian rhythm. There is a peak in concentration of cortisol 
upon waking, which then falls progressively over the morning, stabilising in the 
afternoon, and reaching a nadir around midnight (Clow & Hucklebridge, 2001). This 
circadian rhythm has to be taken into account when taking samples for cortisol and 
comparing data. As with many physiological parameters, the stress of sampling can 
significantly affect the result. This is especially true of hormone sampling, as the act 
of venipuncture can affect the data. Therefore, saliva or urine sampling many provide 
more reliable data (Neary et al., 2002). Few studies have included a non-exercise 
group to control for potential diurnal variation. 
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Increased levels of glucocorticoids have been documented to depress neutrophil 
functions including; adhesion, phagocytosis, oxidati ve-burst and antibody dependent 
cytotoxicity in a dose-related manner (Walsh et aI., 2000). Rather than suggesting that 
cortisol exerts an immunosuppressive effect, it may be more correct to call this an 
immunopotentiating effect. The 'immunosuppression' that follows heavy exercise 
might be a preparatory phase for effective body defence (Nagatomi et al., 2000). 
Cortisol may provide protection from an overreaction of the immune response as a 
result of exercise-induced muscle damage (Sapolsky et aI., 2000). 
2.6 Exercise-induced muscle damage 
2.6.1 Skeletal muscle overview 
Skeletal muscle constitutes 40-50% of the total body mass of adult humans. Muscles 
are responsible for force generation, for movement, postural support and play an 
important role in the maintenance of body temperature. Muscle contraction occurs by 
a series of events mediated by cytosolic calcium concentration and results in the 
interaction of actin filaments and myosin cross-bridges producing movement. Actin 
and myosin are arranged in muscle fibres as thick and thin filaments within 
myofibrils. These are arranged in repeated banded patterns known as sarcomeres 
(Wilmore & Costill, 1999). 
Muscle mechanical output can be categorised into three types of contractions; 
concentric, isometric (static) and eccentric. Many types of physical activity, for 
example, running, include all three types of contraction (Sargeant, 1994; Wilmore & 
Costill, 1999). Concentric exercise is a shortening of the muscle, where actin 
filaments are pulled closer together, joint movement is produced, power is generated 
and work done, resulting in dynamic actions. Isometric action is when the muscle 
generates a force but its length remains static and the joint angle does not change. 
Eccentric action occurs when the muscles lengthen, power is absorbed and work is 
done on the muscle, this is also a dynamic action (Sargeant, 1994). Eccentric 
contractions occur when muscles act as brakes to slow down or stop the motion of the 
body, such as during walking downstairs or lowering a weight (Bowers et al., 2004). 
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Eccentric action is the most damaging way to exercise skeletal muscle (Newham et 
aI., 1983c; Newham et aI., 1986). 
2.6.2 Morphological changes 
Some forms of exercise, especially intense or unaccustomed exercise, result in 
damage to skeletal muscle. Studies examining the histology and ultrastructure have 
shown changes in muscle morphology and direct evidence of damage (Friden et al., 
1988b; Fielding et aI., 1993). The most common damage occurs to the Z-line (Z-line 
streaming) (Armstrong, 1984; Ebbeling & Clarkson, 1989; Clarkson et aI., 1992; 
Friden & Lieber, 1992; Fielding et al., 1993; Clarkson & Newham, 1995; MacIntyre 
et al., 1995), and in some studies, complete disruption to the sarcolemma (Friden et 
al., 1983b; Warhol et al., 1985; Ischiropoulos, 1998; Friden & Lieber, 2001). Other 
studies report damage to the mitochondria (Hagerman, 1984; Warhol et al., 1985) and 
an infiltration of leukocytes (Fielding et al., 1993; MaIm et aI., 2004a). Ultrastructural 
changes have been observed following a variety of sporting activities including 
marathon running (Hagerman, 1984; Warhol et aI., 1985), downhill running (Fielding 
et al., 1993), sprinting (Friden et aI., 1988a) and eccentric cycling (Friden et aI., 
1983b). However, it is possible to observe some changes in muscle ultrastructure in 
resting individuals also (Warhol et aI., 1985; Fielding et al., 1993). The symptoms of 
muscle damage include the prolonged impairment of muscle function (Friden et aI., 
1983b; Dedrick & Clarkson, 1990; Clarkson et al., 1992; Howell et al., 1993; Gibala 
et aI., 1995; Saxton & Donnelly, 1996; Hortobagyi et aI., 1998; Rinard et aI., 2000) 
and delayed-onset muscle soreness (DaMS), stiffness and swelling (Newham et aI., 
1983c; Smith, 1991; Clarkson et aI., 1992; Cleak & Eston, 1992b; Rodenburg et al., 
1993; Pyne, 1994a; Byrne & Eston, 1998; Clarkson & Sayers, 1999). 
Muscle biopsies are a common method for examining muscle tissue. There are 
problems associated with this technique as a biopsy represents only one geographical 
site within the muscle and provides information only on the specific muscle that is 
being biopsied. A biopsy may not be representative of the whole muscle that is being 
biopsied. For example; muscle biopsies taken post-eccentric exercise do not show a 
homogenous distribution of damage but a more random pattern (Friden et aI., 1983b; 
Friden & Lieber, 1992; Beaton et al., 2002). It is possible that the biopsy sampling 
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itself results in tissue injury and inflammation, which may make it difficult to 
differentiate between muscle damage induced by exercise and muscle damage caused 
as a result of the biopsy (Maim et al., 2000). Other techniques such as magnetic 
resonance imaging or spectroscopy are considered to be accurate measures of muscle 
damage but are expensive and require specialist equipment (Mair et al., 1992; 
Sorichter et aI., 2001). Indirect methods of analysis can be used to assess muscle 
damage, such as the measurement of proteins in the blood that are associated with 
muscle damage, functional measures (muscle strength) and subjective scales (for the 
assessment of muscle soreness). In the future, microarray technology will provide 
insights into the molecular mechanisms of the exercise-induced damage and, via gene 
expression profiling and genetic screening, will help to characterise and predict 
individual's responses to different types of exercise, although currently this 
technology is in its infancy. 
2.6.3 Mechanisms of muscle damage 
In 1902 Hough first suggested that exercise resulting in delayed onset muscle soreness 
was caused by damage to muscle fibres (Hough, 1902). There is substantial evidence 
that eccentric contractions cause more damage than other types of muscular 
contraction (Newham et al., 1983c; Jones et aI., 1989; Armstong, 1990; Golden & 
Dudley, 1992). Eccentric exercise is less metabolically stressful and produces less 
lactic acid than concentric exercise. Therefore other factors must explain why 
eccentric contractions are so damaging to muscle (Clarkson & Newham, 1995). 
Whilst muscle biopsies taken immediately after eccentric exercise indicate the 
occurrence of muscle damage, the greatest degree of damage is observed up to 3 days 
post-exercise (Friden et al., 1983b). Damage occurring during the eccentric 
movement is likely to be a result of mechanical strain placed upon the fibres. 
Inflammation and the production of free radicals cause further damage for several 
days post-exercise (Jackson, 2000). 
Friden & Lieber, (1992) reported that the extent of muscle injury was related more to 
the change in length than to the amount of force generated by the muscle. They 
suggested that muscle injury was associated with the magnitude of strain rather than 
the high forces imposed on the muscle, although these may also contribute to the 
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damage. Calcium plays an integral role in excitation-contraction coupling within the 
muscle and following either structural damage (to the sarcoplasmic reticulum or 
muscle membrane) or inhibited ATP re-synthesis, there may be a disruption in 
calcium homeostasis and a subsequent release of calcium. This appears to be a factor 
in initiating metabolic damage and in fatigue (Williams & Klug, 1995; Chin & Alien, 
1996; Clarkson & Sayers, 1999). In animal studies, increased concentration in both 
mitochondrial Ca2+ and cytosolic Ca2+ have been reported following eccentric-biased 
exercise (Duan et al., 1990; Warren et al., 1995). Increases in cellular Ca2+ have been 
also been reported in humans following a 100km run (Overgaard et aI., 2002). 
Skeletal muscle fibres contain intrinsic degradative pathways that are activated in the 
presence of Ca2+. Increased concentrations of intracellular calcium are known to 
activate various proteases, including calpain I and 11 (Armstrong et al., 1991; 
McArdle & Jackson, 1997), which may be responsible for some structural damage 
(Belcastro et al., 1998). Duncan & J ackson, (1987) showed that the removal of 
extracellular calcium prevented muscle damage in incubated mouse muscle. 
Phospholipase A2 oxidises phospholipids to arachidonic acid and via the cyclo-
oxygenase pathway increases the levels of prostaglandins in circulation (Rodemann et 
al., 1982). Prostaglandins are important mediators of muscle soreness (Smith, 1991; 
Pedersen & Hoffman-Goetz, 2000) as they are implicated in pain perception. An 
alternative pathway for arachidonic metabolism is the activation of the lipoxygenase 
pathway, which results in increased vascular permeability and chemotaxis. Once 
activated, phagocytic cells invade the damaged fibre and attack the sarcolemma and 
muscle proteins (Pyne, 1994b; Pedersen & Hoffman-Goetz, 2000). Once phagocytosis 
occurs, damaged muscle fibres are broken down. These processes occur up to several 
days post -exercise. After this the muscle fibre can then begin to repair and regenerate. 
2.6.4 Muscle proteins 
A common measure for muscle damage is the detection of changes in concentration or 
activity of muscle proteins and enzymes in the circulation. These biomarkers provide 
a surrogate marker for muscle damage. Muscle enzyme activity can be elevated 
following different types of exercise, these enzymes include; creatine kinase (CK), 
lactate dehydrogenase (LDH) and aspartate aminotransferase (AST) (Roti et al., 1981; 
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Newham et aI., 1983a; Maughan et al., 1989b). Other common proteins include 
myoglobin, troponin I and myosin heavy chain fragments (Mair et al., 1992; Sorichter 
et al., 1997a; Sorichter et al., 1997b). Most of these proteins are ubiquitous in muscle 
tissue, and are not exclusive to skeletal muscle. It has been observed that lymph flow 
from muscle is greatly affected by muscular activity therefore it is possible that 
muscular activity can affect protein efflux (Lindena et al., 1984). 
Creatine kinase is an intramuscular protein that is responsible for maintaining ATP 
levels during muscle contractions. It is found in skeletal muscle, cardiac muscle and 
the brain. High circulating levels of CK are taken to reflect changes in the integrity of 
muscle fibre membranes as either damage to, or increased permeability, of the 
membrane to the enzyme (Eston et aI., 1995). The appearance of CK is predominantly 
influenced by exercise duration rather than intensity (Noakes, 1987). Large increases 
in post-exercise plasma CK have been attributed to eccentric exercise (Jones et aI., 
1986; Newham et aI., 1986; Newham et al., 1988; Friden et aI., 1989). Following 
either downhill running, bench stepping, intermittent shuttle running or isometric 
exercise, CK activity increases 3 to 6h post-exercise, peaking around 18-24h post-
exercise (Newham et aI., 1983a; Bymes et al., 1985; Clarkson et al., 1986; Thompson 
et aI., 1999). Increased CK activity is also measured in response to myocardial 
infarction (Cairns et al., 1983; Noakes, 1987). As CK is found in other tissues there 
can be plausible concern over the actual amount of circulating CK that is attributable 
to skeletal muscle post-exercise. However, it has been demonstrated that at least 95% 
of plasma CK, post-exercise, is attributable to skeletal muscle (Noakes et al., 1983; 
Hortobagyi & Denahan, 1989; Nosaka & Clarkson, 1996). It has been hypothesised 
that CK could have immuno-modulatory actions, thereby serving as a messenger 
molecule between skeletal muscle and the immune system (Maim, 2002). 
There is a reported difference in the CK response to high-force maximal eccentric 
exercise and downhill running. Following maximal eccentric exercise of the forearm 
flexors, CK levels rose after 2 days and peaked 4 days post-exercise at 2500 u.r! 
(Clarkson et al., 1992). Peak concentrations of 1500-11000 u.r! were reported by 
Newham et al. (1987) following maximal elbow flexor eccentric exercise. Serum CK 
can reach peak levels of 5000--10000 u.r!, 3-5 days after intense eccentric exercise 
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(Newham et al., 1983a; Jones et al., 1986; Nosaka & Clarkson, 1992). Creatine kinase 
levels following downhill running appear earlier, and at lower levels than following 
maximal eccentric exercise. Studies by Schwane et al. (1987) and Byrnes et al. (1985) 
report a CK maximal response 24h post-downhill running with maximal 
concentrations around 300-500 v.r1. These contrasting data are especially marked 
due to the differences in muscle mass between the forearm flexors and working leg 
muscles. 
Paschalis et al. (2005) examined the differences in muscle damage and performance 
in relation to the same volumes of high and low intensity eccentric exercise. A 
significant elevation of CK was reported 24h post-exercise after high intensity 
exercise, but not for low intensity exercise. Following intermittent shuttle running, 
Thompson et al. (1999) reported a significant increase in CK and AST, which peaked 
24-48h post-exercise. This suggests that sports that include brief periods of high-
intensity activity, interrupted with periods of low intensity, such as soccer, have the 
potential to induce muscle damage. 
Myoglobin (Mb) is a muscle protein similar to haemoglobin, which transports oxygen 
from the cell membrane to the mitochondria. Myoglobin releases its oxygen stores 
when oxygen becomes limited during muscle use. Aerobic training has been shown to 
increase muscle myoglobin content by 75-80% (Wilmore & Costill, 1999). Studies 
have shown that, following muscle injury, there are increases in Mb detectable in the 
circulation (Cairns et al., 1983). There is a delay in the peak concentrations between 
Mb and CK. This is considered to be attributable to the prolonged transit times of 
large muscle proteins (Volfinger et al., 1994) and the relative half-life of these 
proteins in the circulation (Neumeir et aI., 1981; Klocke et al., 1982). Myoglobin is 
cleared within a few minutes from the circulation (Klocke et aI., 1982), whereas CK 
has a half-life of approximately ISh (Neumeir et al., 1981). Both CK and Mb have 
some limitations as markers of muscle damage as neither protein is a skeletal muscle 
specific marker and they have a late diagnostic window (24-48h post-exercise). 
An alternative biomarker for inflammation and muscle damage is total cholesterol 
(TC) (Shahbazpour et al., 2004). Total cholesterol is significantly decreased in the 
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days immediately after acute myocardial infarction (Ryder et al., 1984) and severe 
bums (Carlson et al., 1985). Smith et al. (1994) have observed a decrease in TC to 
below baseline levels 24, 48 and 72h post-eccentric exercise. Shahbazpour et al. 
(2004) confirm this; they report a decrease in TC within 2h post-exercise after 
eccentric exercise. They suggest that serum TC may follow the time course of 
reductions in muscle force more closely than other biochemical markers of muscle 
damage. Smith et al. (1994) suggest that the decrease in cholesterol may be due to 
cholesterol being extracted from the blood for the re-synthesis of cell membranes as 
part of the body's repair mechanisms. 
2.6.5 Muscle soreness 
Unaccustomed exercise, high intensity exercise or an increased training workload can 
often result in delayed-onset muscle soreness (DOMS) and muscle damage 
(Armstrong, 1990; Byme & Eston, 1998). Delayed-onset muscle soreness is distinct 
from acute post-exercise soreness, which is considered to primarily be caused by the 
accumulation of metabolic waste products (Miles & Clarkson, 1994). Eccentric 
exercise has been particularly associated with DOMS, when the muscles lengthen 
under tension (Newham, 1988). Friden et al. (1983a) have attributed soreness to 
muscle fibre damage produced by the eccentric contractions. However MacIntyre et 
al. (2001), suggest that DOMS is associated with inflammation and not with muscle 
damage resulting from eccentric exercise. Although there is a lack of direct evidence 
that muscle damage results in muscle soreness, there is evidence that muscles that are 
sore are also damaged (Friden et al., 1981; Newham et aI., 1983b; Hagerman, 1984). 
Symptoms of soreness manifest in the hours and days post-exercise. Soreness is first 
felt about 8h post-exercise and peaks 24-48h after. The soreness has usually subsided 
with 5 days of the initial exercise (Byme & Eston, 1998). The 24-48h peak of 
soreness has been reported in laboratory-based exercise protocols; bench stepping 
(Newham et aI., 1983a; High et aI., 1989), downhill running (Schwane et al., 1983; 
Bymes et al., 1985; Maughan et al., 1989b) and intermittent shuttle running 
(Thompson et al., 2001a). This time-course has been described as following an 
inverted U-shaped curve (Vickers, 2001), although the exact peak of soreness varies. 
Symptoms of DOMS include decreased exercise performance, increased muscle 
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stiffness, loss of force development, pain on active movement and tenderness when 
the muscle is palpated (Cleak & Eston, 1992a). 
Although the process of DOMS is well documented, there is failure to agree on a 
common mechanism (Sorichter et al., 1999). Associated with DOMS is inflammation 
and elevated serum activity of muscle-associated proteins. The inflammatory response 
results from a combination of metabolic, mechanical and oxidative stress (Pyne, 
1994a). It has been suggested that DOMS actually originates from damage to non-
contractile connective tissue. Spontaneous muscle shortening and stiffness may 
develop before soreness arises (Jones et aI., 1987). Damage to elastic elements (such 
as tendon attachment) during exercise may give rise to inflammation, oedema and 
stiffening of connective tissue (Jones et al., 1989). 
These responses are suggested to be causative of DOMS due to an increase in intra-
muscular pressure and inflammation, which sensitises the pain receptors (Jones et al., 
1987; Smith, 1991). As part of the inflammatory response there is the release of 
prostaglandins, bradykinin and histamine from damaged cells that sensitise the pain 
receptors (Miles & Clarkson, 1994). Due to increased muscle activity, there is an 
increase in the localised production of ROS. This is associated with muscle damage 
(McArdle et al., 2002) and a decline in physical performance (Radak et al., 1999). 
However, there is limited literature currently on the role of ROS in the aetiology of 
DOMS. Warren et al. (1992) concluded that future studies should measure ROS 
production beyond 48h post-exercise, as ROS produced as a part of the phagocytic 
response may peak later than 48h post-exercise. 
Muscle soreness is one of the most commonly used markers of exercise-induced 
injury in human studies (Warren et al., 1999). Objective measurements of muscle 
soreness can be obtained by using a 'myometer' to measure the applied force to a 
muscle group at the pain threshold (Newham et aI., 1983c; Jones et al., 1987; 
Newham et aI., 1988; Jones et al., 1989; Cleak & Eston, 1992b). More commonly 
used are subjective measures of soreness where a subject may be given a 
questionnaire, numerical scales or visual analogue scales (Clarkson et aI., 1992; 
Howell et al., 1993; Rodenburg et al., 1993; Nosaka & Newton, 2002). Subjects are 
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often asked to palpate muscles to stimulate the sensation of soreness (Kuipers et al., 
1985; Kaminski & Boal, 1992). Prolonged intermittent shuttle running has been 
demonstrated to elevate perceived muscle soreness above baseline in the experimental 
group for 72h post -exercise, peaking at 24-48 hours (Thompson et al., 1999). 
Soreness was uniform across the whole body musculature, although the hamstrings 
demonstrated the greatest soreness rating, peaking at 24 hours. Nosaka and Newton, 
(2002) have investigated the causal relationship between muscle damage and DOMS 
by following a varied number of eccentric elbow flexions. The data showed that 
soreness was unrelated to indirect markers of damage, including CK activity, swelling 
and maximal voluntary contractions. They concluded that individuals do not 
necessarily experience more muscle soreness when performing exercise protocols that 
lead to greater changes in indirect markers of muscle damage. 
There are issues that are raised in the use of subjective measures of muscle soreness, 
as other extrinsic factors may play a role in the result, such as personality, 
expectations and previous experiences (MacIntyre et aI., 1995; O'Connor & Cook, 
1999). Although the sensitivity of the measurement of muscle soreness is sometimes 
questioned, it provides a useful tool and can be measured in a reliable and valid 
manner (O'Connor & Cook, 1999). 
2.6.6 Muscle damage & inflammation 
Inflammation is characterised by the movement of fluid, plasma proteins and 
leukocytes into tissues following injury or infection (MacIntyre et al., 1995). 
Inflammatory processes and consequences are covered in more detail in Section 2.5. 
Although the inflammatory response is required for full recovery from exercise-
induced muscle damage (Tidball, 1995) an intense response can also contribute to the 
damage process. Inflammatory processes involved in muscle injury and repair have 
recently been reviewed by Tidball, (2005). Several studies have demonstrated an 
increase in the presence of leukocytes in muscle tissues after exercise (Fielding et aI., 
1993; MacIntyre et al., 1996; Stupka et aI., 2000). Neutrophils accumulate in the 
muscle within an hour of damaging exercise (Fielding et aI., 1993) and then begin the 
processes of phagocytosis and respiratory burst which may exacerbate muscle 
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damage. In 1991. Smith proposed that damage to muscle tissue following exercise 
provides the stimulus for inflammation with the purpose of healing. The timing of 
events of an acute inflammatory response, and the results of cellular-chemical 
processes points to inflammation playing a role in muscle damage symptoms. Muscle 
cells can release both positive and negative regulators of inflammation (Tidball, 
2005), for example, muscle-derived nitric oxide can inhibit inflammatory cell 
invasion of healthy muscle and protect healthy muscle from lysis, however, some 
cytokines can provide signals for cell invasion and result in a heightened immune 
response. 
There are some conflicting studies that question the degree of leukocyte infiltration 
into the muscle post-exercise. Maim et al. (2000) reported that leukocytes were 
restricted to the intercellular space between muscle fibres, rather than within the 
muscle itself. One conclusion drawn from these data is that needle biopsies cause 
trauma to the tissue, and it this is the effect that some studies are reporting as 
exercise-induced infiltration. In a follow-up study, Malm et al. (2004b) investigated 
inflammatory processes in human skeletal muscle and epimysium following acute 
downhill or uphill running. They conclude that physical exercise, even if it involves a 
substantial eccentric component does not result in direct muscle inflammation, despite 
DOMS and increased levels of circulating CK. It is suggested that exercise can induce 
DOMS by activating inflammatory factors present in the epimysium before exercise. 
rather than factors present directly within the skeletal muscle. In rat gastrocnemius 
muscle, Aoi et al. (2004) conclude that delayed onset muscle damage after prolonged 
exercise is related to inflammation secondary to phagocyte infiltration. This area of 
muscle damage and inflammation requires further research in order to elucidate the 
location of inflammatory damage post-exercise. 
2.6.7 Muscle function 
In addition to post-exercise DOMS, there can be an inherent loss of force generating 
capacity (8yme & Eston, 1998). The post-exercise loss of muscle function has been 
described as a biphasic response (Warren et aI., 1999). The initial loss has been 
attributed to fatigue following the exercise as there is an inhibition of ATP re-
synthesis as a result of metabolic waste products, which affects excitation-contraction 
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coupling (Ebbeling & Clarkson, 1989; AlIen, 2001). The second loss of muscle 
strength and function can be attributed to inflammation and damage. A loss of 
isometric force, of up to 50%, has been reported and is greatest following eccentric 
exercise, with recovery taking days or even weeks (Jones et al., 1989; Clarkson et al., 
1992; Cleak & Eston, 1992b). Warren et al. (1999), have suggested that measures of 
muscle function provide the most effective means of evaluating the magnitude and 
time-course of damage resulting from eccentric muscle actions. 
The standard method for the measurement of isometric strength is by maximum 
voluntary contractions (MVC). This involves the subject performing a MVC of a 
specific muscle group at a fixed joint angle for 2-5 seconds to determine the muscle 
strength. The greatest strength loss appears to be dependent upon the training status of 
the muscle (Byme et aI., 2004) and has been observed in the elbow flexors 
(Hortobagyi et al., 1998; Cleak & Eston, 1992b; Sayers & Clarkson, 2001) as 
compared to lower losses in the muscles of the lower limbs (Davies & White, 1981; 
Child et al., 1998a). Some individuals can display prolonged recovery times. Sayers 
& Clarkson (2000), suggest that these individuals may be predisposed to a prolonged 
inflammatory response that may contribute directly to impaired muscle function. 
Studies have employed isokinetic dynamometry to investigate strength loss after 
eccentric exercise, and to see 'if the loss of strength is dependent upon the muscle 
action being performed i.e. isometric, concentric or eccentric (Donnelly et aI., 1992; 
Hortobagyi et al., 1998; Byrne & Eston, 2002; Michaut et al., 2002). When the three 
muscle actions are compared at a singular angular velocity of movement there was no 
apparent difference between the three (Byrne & Eston, 2002; Michaut et al., 2002). 
Paschalis et al. (2005) suggest that it is the volume of exercise rather than intensity 
that damages the muscle. 
Following marathon running, Avela et al. (1999) reported a 30% reduction in ankle 
extensor strength and rate of force development with full recovery by 2 and 4 days 
post-race, respectively. Evidence suggests that leg eccentric exercise (Brown et al., 
1997; Child et al., 1998a) brings about proportionally lower strength decrements than 
arm muscle exercise (Saxton et al., 1995; Paddon-Jones & Abernethy, 2001). This 
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may be because the lower limbs are primarily used in daily activities that involve 
eccentric contractions, more than the arms (Paschalis et aI., 2005). 
A criticism of the MVC technique is that the presence of muscle soreness could 
inhibit a subject from performing MVC, therefore resulting in a sub-maximal value 
(Lapointe et al., 2002). Additionally, the subject needs to be motivated in order to 
produce a maximal force. However, it has been suggested that muscle force may be 
the best indicator of muscle damage in humans (Warren et al., 1999). As the 
measurement technique of MVC measurement is non-invasive, it is useful for the 
investigation of potential interventions to reduce the loss of exercise-induced muscle 
function (Hasson et al., 1993; Jakeman & Maxwell, 1993; Sayers & Clarkson, 2001; 
Thompson et al., 2001 b; Farr et al., 2002). 
Additional to the impairment in muscle strength, there may be a reduction in peak 
power output post-exercise. Byrne & Eston (2002) reported immediate and prolonged 
reduction in peak power during a 30 second Wingate cycle test. This was a direct 
result of an inability to achieve a high pedal frequency since the external load 
remained constant. The recovery of peak power was different to that of isometric 
strength. Isometric strength displayed a linear recovery response, whereas peak power 
demonstrated further decrements at day 1 and 2 post -exercise before recovering 
linearly. This suggests that muscle power, unlike strength, may be affected by DOMS 
and post-exercise inflammation (Byrne et al., 2004). 
2.6.8 Muscle adaptation 
Skeletal muscle has a remarkable capacity for repair and adaptation (Clarkson & 
Tremblay, 1988; Ebbeling & Clarkson, 1989; Chambers & McDermott, 1996; 
Grounds, 1998). Exercise training induces various alterations such as cardiac and 
vascular changes (Wilmore & Costill, 1999), metabolic adaptations (Scheele et al., 
1979; Turcotte & Belcastro, 1991) and increased effectiveness of antioxidant defences 
(Alessio & B1asi, 1997). 
Following recovery of DOMS, a repeated bout of the same exercise results in reduced 
soreness and less functional impairment when compared to the original bout of 
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exercise; this is known as the repeated bout effect (Ebbeling & Clarkson, 1989). 
Theories to explain the repeated bout effect have been categorised into neural, 
mechanical and cellular (McHugh, 2003). A muscle is able to adapt to eccentric 
exercise so that a second period of the same exercise, repeated after the first, is 
accompanied by much less soreness and stiffness and is followed by a more rapid 
recovery of strength (Clarkson & Tremblay, 1988; Nosaka et al., 1991; Smith et aI., 
1994; Brockett et al., 2001). 
Mechanical stretch of muscle tissue is probably essential for normal muscle function 
and adaptation (Goldspink, 1999), and all non-circulating cells will in fact die without 
stretch or contact stimulation (Ruoslahti, 1997). It has been proposed that after a bout 
of unaccustomed eccentric exercise, muscle damage is repaired and additional 
sarcomeres are incorporated into repaired muscle fibres, effectively reducing 
sarcomere length for a given fibre length (Morgan, 1990; Lynn & Morgan, 1994). 
Therefore, fewer sarcomeres are likely to be stretched in their region of instability 
during repeated movement (Bowers et al., 2004). Some studies have a reported a 
reduction in plasma CK activity following a repeated bout of exercise (Clarkson & 
Tremblay, 1988; Nosaka & Clarkson, 1994; Eston et aI., 1996). This adaptive effect 
has been attributed to a strengthening of the muscle membrane and surrounding 
connective tissue (Clarkson & Tremblay, 1988). 
The adaptation to eccentric exercise has been shown to be associated with a lower 
concentration of blood neutrophils during early recovery following 2 bouts of 
eccentric arm exercise (Pizza et al., 2001). Further research is required to assess the 
contribution of neutrophils to muscle injury and regeneration. Following exercise, 
muscle cells can release factors with potential autocrine roles in muscle function and 
adaptation (Husmann et al., 1996; Goldspink, 1998; Sheehan et aI., 2000; Huard et 
al., 2002). This includes mechano-growth factor (MGF), which is a specific muscle 
growth factor (Goldspink, 1998). 
The adaptive response to muscle damaging exercise has been reported within days of 
the initial exercise (Nosaka & Clarkson, 1994; Mair et aI., 1995), although the 
regeneration step may last several weeks. Adaptation can also be assessed over a 
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longer time period; Nosaka et al. (2001), assessed adaptive responses in subjects who 
performed 2 bouts of eccentric elbow flexion separated by 6, 9 or 12-months. 
Reduced muscle soreness and increased recovery of isometric force and reduced CK 
were recorded during the 6-month assessment. Only isometric muscle force improved 
after 9-months and there was no adaptive effect demonstrated during the 12 month 
repeated bout. This suggests that the adaptive process has a window of approximately 
6-months, following the damaging exercise, and that after this time there is no further 
adaptation. Details of the mechanisms for the adaptation process are still to be fully 
elucidated. 
2.6.9 Anti-inflammatories 
It is possible to reduce the post -exercise inflammatory response via the administration 
of anti-inflammatory and analgesic agents. One action of the non-steroidal anti-
inflammatory agents (NSAIDs) involves the inhibition of eicosanoid production, with 
different selectivity towards the cyclo-oxygenase or lipoxygenase pathways, 
depending on their structural features (Moroney et al., 1988). Both NSAIDs and 
steroidal agents have been evaluated in an exercise context. Whilst NSAIDs (e.g. 
naproxen, ibuprofen, diclofenac) are effective pain relievers, at lower doses, they do 
not significantly reduce levels of circulating CK activity (Hasson et al., 1993; 
Almekinders, 1999; Bourgeois et al., 1999). There is a criticism of some 
investigations of anti-inflammatories as they failed to take into consideration the 
repeated-bout effect, which could be greater than the treatment effect (Kuipers et al., 
1985; Bourgeois et al., 1999). 10 an experimental animal model, the daily 
administration of the steroid prednisone appeared to prevent the development of 
mechanically-induced muscle damage (Jacobs et al., 1996). 
Ibuprofen is a commonly used agent in the treatment of both pain and inflammation. 
At low doses (<1600 mg.day"l) it has an analgesic effect, and at higher doses (1600-
2400 mg.day"l) it has anti-inflammatory effects (Abramson & Weissmann, 1989; 
Weissmann, 1993). Hasson et al. (1993) reported that ibuprofen given 4h prior to 
eccentric exercise and during recovery, attenuated muscle soreness and loss of 
isometric strength but there was no change in CK activity. Anti-inflammatory levels 
of ibuprofen in the blood are achieved after several days of ingesting 1600-2400 
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mg.dail (Grennan et al., 1983) therefore, studies, like that of Hasson et al. (1993) 
may have not administered the drug early enough to see reduced CK levels. Following 
eccentric arm exercise, Pizza et al. (1999) demonstrated that anti-inflammatory doses 
of ibuprofen (2400 mg.day·l, 5d pre- and lOd post-exercise) reduced CK activity, but 
not the neutrophil response during the recovery phase. The pharmaceutical drug AM3 
is an orally administered immunomodulator that reduces the synthesis of pro-
inflammatory cytokines (Cordova et al., 2004). Following AM3 administration after 
playing volleyball, there were significant reductions in serum CK, Mb, aspartate 
aminotransferase and lactate dehydrogenase,. 
These findings support the administration of anti-inflammatory agents in the 
temporary treatment of DOMS and muscle dysfunction following exercise, especially 
following eccentric exercise. Due to both the pressures of drug testing in sport and a 
hesitancy to take medication, there is much interest in natural 'non-pharmaceutical' 
compounds in the alleviation of the symptoms of post-exercise muscle damage. This 
is further examined in Section 2.8. 
2.7 Free radical protection 
Although some free radical processes are essential, for example, those released during 
the respiratory burst, uncontrolled reactive oxygen processes would evidently rapidly 
damage and degrade cells and disrupt normal biological function. The importance of 
the oxidative free radical process within the human body is acknowledged by the wide 
number and diversity of biological antioxidants present within the cells known as 
endogenous antioxidants. Supplementary to endogenous antioxidant defences are 
those antioxidants that are derived from a balanced diet (exogenous antioxidants). 
Many endogenous antioxidants are dependent upon dietary micronutrients for their 
activity, for example, the antioxidant enzymes superoxide dismutase (SOD) and 
glutathione peroxidase (GPX) are dependent upon dietary-derived zinc and selenium, 
respectively. Antioxidant defences fall into enzymatic and non-enzymatic activities. 
The main enzyme and non-enzyme antioxidants are presented in Tables 2.7a and 2.7b. 
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Antioxidants are defined as; 
'Any substances that, when present at low concentrations in comparison to an 
oxidisable substrate, inhibits or delays the oxidation of that substrate' 
(Halliwell & Gutteridge, 2000). 
The term 'oxidisable substrate' embraces almost everything found in living cells, 
including proteins, lipids, carbohydrates and DNA. Antioxidants prevent damage to 
biological systems in several ways (Sen, 1995); 
Prevention ofROS formation 
Scavenging of reactive metabolites and converting them to less reactive 
molecules 
Avoiding the transformation of less reactive ROS (e.g., 02") to more 
deleterious forms (e.g., OH') 
Facilitating the repair of damage caused by ROS and triggering gene 
expression of genes that encode endogenous antioxidant proteins 
Providing a favourable environment for the effective functioning of other 
antioxidants (e.g., as a cofactor or by acting to maintain a suitable redox 
status) 
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Table 2.7a: Major enzymatic antioxidants: location andfunction (adaptedfram 
Konig et al. (2001) and Kanter, (1994)) 
Enzymic Antioxidants 
Superoxide dismutase 
(SOD) 
Glutathione peroxidase 
(GPX) 
Catalase 
(CAT) 
Thioredoxin 
(TRX) 
Glutaredoxin 
( thioltransferase) 
(GRX) 
Action 
Dismutates superoxide radicals; 
20,' + 2H+ -> H,O, + 0, 
Removes hydrogen peroxide and organic 
hydroperoxides 
2GSH + H,O, -> GSSG + H,O 
or, 
2GSH + ROOH -> GSSG + ROH + H,O 
Decomposes hydrogen peroxide 
H,O, -> 2H,O + 0, 
Repairs oxidised sulphydryl proteins 
(reduction of protein S-S bridges). 
Removes hydrogen peroxide and radical 
scavenging. 
Thioredoxin reductase regenerates ascorbate 
Protection and repair of protein and non-
protein thiols under oxidative stress 
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Location 
In skeletal muscle; 15-
35% activity in 
rrritochondria,65-85% 
in the cytosol 
Mitochondria, cytosol 
and cell membrane. 
Peroxisomes, 
rrritochondria. 
Cytosol. 
Cytosol 
Table 2.7b: Major nonenzymatic physiological antioxidants: location and function 
(adapted/rom Konig et aI., (2001) and Kanter, (1994)) 
Nonenzymic Antioxidants Action 
Vitamin A - Inhibits lipid peroxidation 
Vitamin C - Scavenge superoxide, hydroxyl and lipid 
hydroperoxide radicals 
- Recycling vitamin E 
VitaminE - Breaks lipid peroxidation chain reactions 
- Converts superoxide, hydroxyl and lipid 
peroxyl radicals to less reactive forms 
Location 
Cell membranes 
Aqueous phase of cells 
Cell membranes 
Carotenoids - Lipid soluble antioxidants, ROS Cell membranes 
scavengers 
Flavonoids and Polyphenols - Scavenge free radicals Intracellular and 
- Metal chelator extracellular 
Glutathione - Reacts with radicals to donate a H atom Ubiquitous non-protein 
a-lipoic acid 
(free, unbound form) 
Ubiquinones 
(UQ-IO) 
Uric acid 
- Removes hydrogen and organic peroxides thiol 
in reaction with GPX 
- Effective as an antioxidant and in 
recycling vitamin C 
- Potent pro-glutathione agent 
- Prevent lipid peroxidation in membranes 
and other lipid structures in cells. 
- Recycling of vitamin E 
- Hydroxyl scavenger 
- Mechanism of antioxidant protection 
unknown 
Tissues 
Intracellular and 
extracellular 
Ubiquitous 
2.7.1 Enzymatic antioxidants 
The main enzymatic antioxidants are superoxide dismutase (SOD), glutathione 
peroxidase (GPX), catalase (CAT), thioredoxin (TRX) and glutaredoxin (GRX). A 
summary of their activities is presented in Table 2.7a. Many of these reactions rely on 
the presence of transition metals as co-factors. Molecules such as transferrin and 
lactoferrin sequester iron, and albumin and cerloplasmin sequesters copper (Sen et al., 
2000). Antioxidant enzymes are located in the highest amounts in tissues that have a 
high oxidative capacity, including the brain, and liver (Kanter, 1994). Skeletal muscle 
and heart antioxidant defences are considered to be poor, thus rendering these organs 
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highly susceptible to oxidative stress (Sen, 1995). In adult men, the activities of SOD 
and CAT have been estimated to be 40 times and 16 times less, in the gastrocnemius 
muscle than in the liver, respectively (Jenkins et al., 1984). The expression of SOD, 
CAT and GPX in immune cells is induced and regulated by cytokines such as TNFu 
and IL-l, in addition to ROS (Alvarez & Boveris, 1993; Niwa et al., 1993; Niwa et 
al., 1996). Following exercise or training, the activity of antioxidant enzymes is 
changed. Hollander et al. (2001) have shown that in rats, intensive exercise leads to a 
rise in the redox-sensitive transcription factors NFKB and APl, which can stimulate 
the transcription of MnSOD. Despite the increase in the amount of mRNA, the 
concentration of MnSOD in the muscles was unchanged. 
Endurance training increases the mitochondrial capacity of skeletal muscle (Irrcher et 
al., 2003), and so a corresponding increase in antioxidant enzymes may be 
anticipated. Many studies have reported a training-induced increase in SOD activity in 
skeletal muscles (Higuchi et al., 1985; Criswell et aI., 1993; Leeuwenburgh et aI., 
1994; Powers et aI., 1994; Leeuwenburgh et aI., 1997), although not all show this 
(Alessio & Goldfarb, 1988; Laughlin et al., 1990). Endurance training promotes an 
increase in both oxidative capacity and SOD. The increase in oxidative capacity is not 
matched by a proportional increase in SOD activity, as shown by several studies 
(Hammeren et aI., 1992; Criswell et aI., 1993; Powers et al., 1994). Additional to its 
direct antioxidant properties, SOD has been reported to inhibit neutrophil 
accumulation in animals (McCord et al., 1980). This may indirectly dampen in vivo 
ROS released as part of the immune defence. 
Glutathione peroxidase exists in two forms, one of which requires selenium as a co-
factor (Sjodin et al., 1990). Both forms rely on two glutathione molecules (GSH) 
donating a hydrogen from their sulphydryl groups to form oxidised glutathione 
(GSSG). Oxidised gluathione may be reduced by NADPH (from the hexose 
monophosphate shunt) in a reaction catalysed by glutathione reductase (Sen, 1995). 
Gluathione peroxidase has been shown to have increased activity in active skeletal 
muscle following exercise training (Laughlin et aI., 1990; Hammeren et aI., 1992; 
Criswell et aI., 1993; Powers et aI., 1994; Hellsten et al., 1996; Ji, 1999). Longer 
duration exercise appears to increase GPX activity more than short duration exercise 
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(Powers et aI., 1994). Endurance training promotes an increase in both cytosolic and 
mitochondrial GPX activity, with the greater increase occurring within the 
mitochondria (Ji et al., 1988). As part of the exercise adaptation process, skeletal 
muscle increases the GSH content. This training adaptation response is thought to be 
fibre-type specific (Leeuwenburgh et al., 1997). 
There is little evidence that exercise training promotes an increase in catalase activity 
within skeletal muscle (Higuchi et al., 1985; Powers et al., 1994). Although AIessio & 
Goldfarb, (1988) found that 18 weeks of training resulted in a greater catalase activity 
in rats in response to an acute bout of exercise, where SOD remained unchanged. In 
some muscles, exercise has been shown to reduce catalase activity, although the 
reason for this is unclear (Alessio & Goldfarb, 1988; Laughlin et al., 1990). 
Changes in the activity of antioxidant enzymes after exercise and training are 
observed not only in the skeletal muscles but also in the heart (Ji, 1993), lungs 
(CailIaud et al., 1999) and erthyrocytes (Ohno et al., 1988). Some adaptation of 
antioxidants to exercise training can take several months (Tiidus, 1998). Many of the 
antioxidant enzyme studies have been performed using animal models and so caution 
needs to be applied to the direct interpretation of these findings into humans. 
2.7.2 Non-enzyme antioxidants 
There are many antioxidant compounds that important in the reduction ofROS. Some 
are produced in vivo such as uric acid, while others are derived from dietary sources 
for example; vitamins. They fall into two categories, hydrophilic and hydrophobic 
compounds. Table 2.7b presents the most reviewed non-enzymatic antioxidants. Other 
lipid-soluble agents include beta-carotene, a derivative of vitamin A, and ubiquinone. 
Plasma tocopherol, ascorbic acid and uric acid have all been reported to increase after 
exercise, this may be a reflection of the mobilisation and utilisation of these reserves 
in response to exercise stress (Meydani et al., 1993). Although intense exercise may 
utilise antioxidant reserves, regular physical exercise is needed to maintain our 
antioxidant defence system (Sen, 1995). 
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Uric acid is a water-soluble antioxidant produced as the end product of purine 
metabolism. It acts as a radical scavenger and as a metal chleator (Ames et al., 1981; 
Sevanian et al., 1985; Davies et al., 1986). By binding to transition metals, uric acid 
may inhibit metal-catalysed oxidation reactions without itself becoming oxidised 
(Davies et al., 1986). Glutathione is an important antioxidant that reduces a variety of 
free radicals, including vitamin E radicals and the semi -dehydroascorbate radical 
(vitamin C radical) (Powers et al., 1999). 
This review will focus on the hydrophilic antioxidant, vitamin C and the hydrophobic 
vitamin E. 
2.7.2.1 Vitamin C 
Vitamin C exists in 2 forms; L-ascorbic acid (the reducing agent form) and the 
oxidised form L-dehydroascorbic acid (DHAA). It is an essential vitamin required in 
the diets of humans, apes and guinea pigs due to the lack of the enzyme L-
gulonolactonic oxidase. All other mammals have the ability to synthesise it from 
glucose precursors. Vitamin C is an essential component in every living cell. It is an 
antioxidant because of its ability to provide electrons to oxidants and subsequently 
reduce them (Levine et al., 1995). Vitamin C is soluble in water but in aqueous 
solution it is easily oxidised to DHAA; this reaction between ascorbic acid and 
DHAA is reversible. In addition to its activities as an antioxidant, it is important in the 
following processes (Ficek, 1997); 
• Collagen synthesis i.e. cell growth and regeneration 
• Wound healing 
• Lowering of cholesterol by the elimination of cholesterol from the intestines 
via bile 
• Increases absorption of iron from the digesti ve tract 
• Influences the production of erythrocytes 
• Prevention of scurvy. 
Most vitamin C in the western diet comes from fruit, especially citrus fruits, green 
vegetables and potatoes (Jacob et al., 1994). Some foods can be classified as 
containing high levels of vitamin C if they contain over 50mg per l00g, for example, 
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brusse1 sprouts, oranges, lemons, cauliflower and strawberries (Jacob et al., 1994). 
Very high natural levels of vitamin C are found in acerola cherry (17%) and rosehip 
(Basu & Dickerson, 1996). Vitamin C is destroyed by heat; therefore, combined with 
its water solubility, cooking can severely reduce the levels of vitamin C in a product. 
Vitamin C in foods or beverages is stable in acidic conditions (Patkai et al., 2002). 
Increased fruit and vegetable intake is associated with decreased mortality (Khaw et 
aI., 2001). Five or more daily servings are associated with decreased cancer incidence 
and provide approximately 210mg per day of vitamin C (Levine et aI., 1999). Half a 
cup of orange juice contains around 50mg of vitamin C (Le vine et al., 1999). The 
majority of vitamin C in foods is in the ascorbic form (80-90%) (Rumsey & Levine, 
1998). Vitamin C intake is associated with protected lung function (Ness et al., 1996), 
and is inversely associated with increased levels of HbAlc (Sargeant et aI., 2000). A 
vitamin C intake of 200mg per day from the diet may be required in place of 100mg 
of pure vitamin C as it is possible that the bioavailability from foods is less than that 
from pure vitamin C (Levine et aI., 1999; Park & Levine, 2000). Ingestion of high 
doses of vitamin C may result in diarrhoea as the large residual volume of vitamin C 
in the gut results in osmosis (Jacob et al., 1994). The DHAA form is more quickly 
absorbed than ascorbic acid. 
Absorption of vitamin C is saturated when vitamin C concentration in the gut mucosa 
is higher than 6mmoU-1 (Basu & Dickerson, 1996). Efficiency of absorption is about 
70-90% at ingestion levels of 30-180mg.day'l. This efficiency reduces with an 
increase in dose to 50% at 1.5g.day'1 and 16% with 12 g.day'l (Jacob et al., 1994). 
Levine et al. (1996) supplemented volunteers with doses of 30-2500mg of vitamin C. 
Single doses of 500mg and above resulted in a decline in bioavailability and increased 
levels of excretion. A 200mg dose resulted in complete bioavailability, suggesting 
that doses higher than this level may provide no further benefit. Bioavailability is 
improved when doses of less than Ig are spaced throughout the day (Jacob et al., 
1994). A later study showed that plasma and circulating cells were saturated at doses 
between 200 and 400mg.day'l, with higher urinary excretion at higher doses. 
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Even within western society there are some sub-populations who are deficient in 
vitamin C. In the USA, 15-30% of the population is thought to be vitamin C deficient 
(National Centre for Health Statistics, 1982; Johnston & Thompson, 1998). Ascorbate 
is depleted in vivo in inflammatory diseases such as rheumatoid arthritis and adult 
respiratory distress syndrome (HaIIiwell, 1996). Smokers have lower plasma and 
leukocyte vitamin C levels compared with non-smokers as smoking places a high 
oxidative stress on the system. This is not entirely attributable to a lower ingestion of 
vitamin C (Weber et al., 1996b; Jacob, 2000). The recommended daily dose of 
vitamin C for smokers is IOOmg.dai\ as compared with a minimum daily dose of 
60mg.dai1 for non-smokers (National Research Council, 1989). In smokers there is 
an increased turnover of vitamin C, due to the oxidative stress of smoking which leads 
to increased catabolism of vitamin C. 
In healthy young women, doses of up to 2500mg.dai1 did not result in any change to 
biomarkers of endogenous oxidant stress and plasma and urine F2-isoprostanes 
(Levine et al., 2001). This suggests that, in healthy young people, high doses of 
vitamin C do not result in lipid peroxidation, as was suggested by an earlier in vitro 
study (Lynch et al., 1994b). Other in vitro studies suggest that vitamin C reduces 
unbound ferric iron that generates hydrogen peroxide and then the hyroxyl radical via 
the Fenton reaction (8aader et al., 1994; Mendiratta et aI., 1998). An investigation by 
Vojdani et al. (2000) reported that supplementation with either a 500, 1000 or 5000 
mg.dai1 dose for 2 weeks has no effects on NK cell activity, apoptosis, cell cycle or 
mutagenic lesions. In the review by Carr & Frei (1999) out of 44 in vivo studies 
reviewed, 38 showed a reduction in oxidative markers of DNA, lipid and protein 
damage following vitamin C supplementation, 14 studies showed no change and only 
6 showed an increase in oxidative damage. Upper safe daily doses in adults are 
considered to be below lO00mg.dai1 (Levine et aI., 1996). 
Vitamin C plays a role in the process of recycling vitamin E (Packer et al., 1979). It 
interacts with the phenol group of the tocopherol, which provides the basis for its 
antioxidant action. This activity is located at the water-membrane interface of 
biological membranes. During this process vitamin C is consumed, which results in 
the formation of a semiascorbyl radical. This radical can be reduced back to vitamin C 
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via NADH, semiascorbyl reductase or cellular thiols such as glutathione (Sevanian et 
aI., 1985). In vitro animal studies suggest that at least some of the ascorbate recycling 
from DHAA involves the mitochondria, via an externally exposed portion of 
mitochondrial complex III (U et aI., 2002). Increasing levels of vitamin C may 
provide protection against radical mediated injury (Yu, 1994). However, in high 
concentrations (hnM and above) vitamin C can be a pro-oxidant in the presence of 
transition metals such as iron (Fe3+) or copper (CU2~. Ascorbate will reduce Fe3+ to 
the Fe2+ state. This can have a significant metabolic impact as Fe2+ is known to be a 
potent radical inducer. Therefore, the benefits of mega-doses of vitamin C have been 
questioned (Yu, 1994). 
Vitamin C is transported freely in the plasma. Some is transported in association with 
albumin and as the DHAA form (Wilson, 2004). Levels in cells are 3 to lO-fold 
higher than in blood, indicating that it is actively transported into cells (Jacob et al., 
1994). Welch et al. (1995) reported that ascorbic acid and DHAA are transported into 
neutrophils and fibroblasts by two different mechanisms; DHAA transport is 
facilitated by glucose transporters and is not sodium dependent (Vera et al., 1995). 
Transport of ascorbic acid involves a sodium-ascorbate mediated transporter 
(Spielholz et al., 1997). This sodium-dependent transporter has saturable kinetics 
(Zhou et aI., 1991; Welch et aI., 1993). Once inside the cell, DHAA is converted to 
ascorbic acid (Welch et al., 1995). Within the lymphocytes, ascorbate is localised in 
the cytosol and is not protein bound (Bergsten et aI., 1995). Vitamin C is found in the 
highest concentrations in the adrenal glands (30-40mg per lOOg wet tissue), pituitary, 
leukocytes and eye lens (Table 2.7.2.1), (Jacob et al., 1994; Brown & Jones, 1996). 
From using isotopic techniques the total body pool of vitamin C was estimated to be 
about 20mg.kg·\ of body weight (Jacob et al., 1994). An estimate of vitamin C 
partitioning within the blood suggests that 38% is in the plasma, 36% in erythrocytes, 
16% in platelets, 6% in mononuclear cells and 4% in polymorpholeukocytes (Evans, 
2000). 
It is widely perceived that vitamin C can influence the severity of the common cold 
(Hemila, 1997). Damaging exercise may increase the susceptibly to infection (Peters-
Futre, 1997), so vitamin C may be an especially important nutrient in active 
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individuals. A proposed role of vitamin C is in the degradation of histamine (Johnston 
et al., 1992). Data show that when plasma levels of vitamin C fall below 57Jlmol.r i 
the concentration of histamine increases proportionally (Clemetson, 1980). As with 
other supplementation studies, it would appear that the greatest benefits of 
supplementation are derived in groups with low baseline levels or in susceptible 
groups, such as intense exercisers or smokers. 
Table 2.7.2.1 Approximate tissue and body stores of vitamin C. Values for a 70kg 
individual with total body stores of 2g. 
Taken from Brown & Jones (1996) 
Tissue Vitamin C 
(mg.kg-!) 
Skeletal muscle 35 
Brain 140 
Liver 125 
Skin 30 
Adipose tissue 10 
Lungs 70 
Blood 9 
Kidneys 55 
Heart 55 
2.7.2.2 Vitamin E 
Percentage of 
Body fraction 
(organ weight per kg 
body weight) 
43.0 
2.3 
2.0 
7.0 
20.0 
1.6 
8.0 
0.5 
0.4 
Tissue Vitamin C Percentage of total 
(mg) Vitamin C 
1050 52 
225 11 
175 9 
147 7 
140 7 
79 4 
49 2 
19 I 
15 I 
Vitamin E was first discovered in 1922 by Evans and Bishop, as a factor necessary to 
prevent loss of fertility, after long-term feeding of female rats on a vitamin E deficient 
diet. Vitamin E is a term that generically describes eight lipid soluble compounds that 
are synthesised by plants. There are two classes of vitamin E, tocopherols and 
tocotrienols; they include four tocopherols and four tocotrienols, both exhibit 
antioxidant activity. D-a-tocopherol is the most biologically active form. Vitamin E 
activity is expressed as a-tocopherol equivalents. The international unit (ru) is 
expressed as relative to the synthetic form; racemic all-rac-a-tocopherol acetate, with 
Img being equivalent to 1 ru. One ru of D-a-tocopherol is equivalent to 0.67mg. If 
alpha tocopherol is present as the all-rac-a-tocopherol form (dl-a-tocopherol) then 1 
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IU is equivalent to 0.45mg. This fonn accounts for 90% of the vitamin E activity 
found in tissues (Cohn, 1997). The order of relative peroxyl radical scavenging 
reactivities of alpha, beta, gamma and delta is the same as the relative order of their 
biological activities (Burton & Ingold, 1981) as determined by using foetal resorption 
assays in rats (Bunyan, 1961). 
Vitamin E is synthesised only by plants and thus found primarily in plant products. 
Edible vegetable oils are the richest dietary sources of vitamin E (Traber, 2000). 
RRR-a- tocopherol is especially high in wheat genn oil, safflower oil and sunflower 
oil. Soybean oils and corn oils contain predominately y-tocopherol plus some 
tocotrienols. Cottonseed oil and palm oil both contain a- and y-tocopherol in equal 
proportion. Palm oil also contains high amounts of a- and y-tocotrienols 
(Sambanthamurthi et al., 2000). Unprocessed cereal grains and nuts are good sources 
of vitamin E, fruits and vegetables contain smaller amounts. Meats, especially animal 
fat, contain vitamin E, although only a moderate amount of vitamin E in the diet 
comes from meat and dairy products. Gamma tocopherol is the predominant dietary 
tocopherol and accounts for up to 70% of the total vitamin E intake in the USA. 
Gamma tocopherol has only 10-20% the activity of a-tocopherol. Despite higher 
dietary intakes of y-tocopherol than a-tocopherol and similar rates of gastrointestinal 
absorption, the steady state concentrations of y-tocopherol in tissue and plasma are 
10-20% those of a-tocopherol. Homeostasis regulates plasma tocopherol levels within 
a narrow concentration range (Kayden & Traber, 1993). A Iow vitamin E intake does 
not affect plasma concentrations. Following high supplemental doses of vitamin E 
there is not a dose-linear response of plasma concentrations (MachIin & GabrieI, 
1982; Dimitrov et al., 1991; SchelIing et al., 1995). Nonnal plasma vitamin E 
concentrations range from 11-371lmoLrl (5-16mg.r\ 
Vitamin E absorption from the intestinal tract is via the same processes as other 
dietary fats such as cholesterol or triglycerides (Thompson, 1981). Both in vitro and 
in vivo studies suggest that the rate of vitamin E uptake is controlled by passive 
diffusion (MuraIidhara, 1977). Some a-tocopherol may be taken up by the portal 
system (Hollander & Dadufalza, 1989), whilst the majority of the absorbed tocopherol 
appears to be carried via the lymphatics to the blood stream (Traber, 1999). The 
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tocopherols are then transported in the blood by the plasma lipoproteins (Cohn et aI., 
1992; Traber, 1999). 
Vitamin E deficiency is rare in humans but may occur in people with lipid 
malabsorption syndromes (Muller, 1994) or in patients with familial isolated vitamin 
E deficiency (FIVE) (Traber et al., 1991; Traber, 1999). A prolonged deficiency of 
vitamin E gives rise to a neurological syndrome characterised by muscle weakness, 
ataxia and tendon areflexia (Harding, 1987). Humans, rats and monkeys show similar 
neuropathic lesions associated with vitamin E deficiency (Southam et al., 1991). High 
intakes of vitamin A decrease tocopherol plasma concentrations (Bieri & Tolliver, 
1982; Sklan & Donoghue, 1982; Schelling et al., 1995), although the underlying 
mechanism for this is not yet known. A high dietary intake of wheat bran (Omaye & 
Chow, 1984; Kahlon et al., 1986), pectin (Schaus et aI., 1985) and alcohol (Bjorneboe 
et aI., 1990) have been found to lower the bioavailability of vitamin E. 
Vitamin E functions as a lipid antioxidant; it is the major chain breaking antioxidant 
present in the mitochondria and plays a role in reducing radical generation from 
oxidati ve phosphorylation. Alpha tocopherol is proposed to have a function in 
modification of gene transcription and expression and, is a potent peroxyl radical 
scavenger. It is a chain breaking antioxidant that prevents the propagation of free 
radical damage in biological membranes (Burton et al., 1983; Burton & Ingold, 1986; 
Ingold et al., 1987). When lipid hydroperoxides are oxidised to peroxyl radicals 
(ROO"), vitamin E reacts 1000 times faster than these do with PUFAs in membrane or 
lipoprotein lipids (Serbinova & Packer, 1994). The vitamin E radical formed during 
lipid peroxidation readily reacts with other antioxidants and is reduced back to its 
unoxidised form. Vitamin E reductants, which regenerate tocopherol from the 
tocopheroxyl radical, include vitamin C (Wefers & Sies, 1988), ubiquinol 
(Stoyanovsky et aI., 1995), thiols (Wefers & Sies, 1988) and glutathione (McCay, 
1985; Niki, 1987; Sies & Murphy, 1991; Sies et al., 1992). 
One signal transduction pathway in which vitamin E exerts an effect is in the NFKB 
pathway (Suzuki & Packer, 1993). The antioxidant role of vitamin E is difficult to 
separate from its possible role as a direct effector of signalling molecules. It functions 
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as an antioxidant to protect long-chain PUFAs, modifies cellular redox state and 
modulates enzyme function. Vitamin E has a role in arachidonic acid metabolism. 
Modulation of arachidonic acid metabolism by vitamin E may take place at the level 
of arachidonic acid release from cell membrane phospholipids, of maintenance of 
long chain PUFAs, or of gene regulation of COX. Eicosanoids are synthesised from 
arachidonic acid, followed by reactions catalysed by the COX and LOX pathways 
(Pentland et al., 1992). Production of the arachidonic acid metabolite of the COX 
dependent pathway is modified with vitamin E. Vitamin E may inhibit production of 
lipid radicals produced during eicosanoid production, which could be signals for 
transcriptional activation. 
2.8 The effect of antioxidants on post-exercise responses 
The association between exercise, oxidative stress, inflammation and exercise-
induced muscle damage has lead researchers to investigate the potential effects of 
antioxidant supplementation. Antioxidant therapy may provide a potentially legal and 
acceptable intervention method to abrogate the post -exercise responses of damaging 
exercise. Early studies were focused on in vitro experiments from animal cells, tissue 
and animal in vivo studies. It has been found that antioxidants reduce oxidative stress 
responses in these studies (Novelli et aI., 1990; Shindoh et aI., 1990; Barclay & 
Hansel, 1991; Reid et al., 1992). In vivo studies in humans have focused on dietary 
antioxidants, generally administered at supra-physiological doses. Many studies have 
investigated the effect of a single antioxidant, whereas some have studied 
combinations of antioxidants; often combining water-soluble and lipid-soluble 
molecules. Many of the studies suffer from weak experimental design, although it is 
difficult to design the ideal study. With such a range of available antioxidants, 
supplementation dose, intervention period and potential combinations, it is often 
difficult to draw a consensus from the available data. However, the studies to date do 
provide valuable insights to the action and efficacies of antioxidant supplementation 
in humans. 
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2.8.1 Single antioxidant supplementation 
The studies that have investigated antioxidant supplementation on post-exercise stress 
responses have mostly administered vitamin C, vitamin E, ubiquinone (QIO), 13-
carotene or NAC (N-acetyl-cysteine) either as single supplements or in combination. 
This review will focus on vitamin C and vitamin E. 
2.8.1.2 Vitamin C 
Supplementation with vitamin C has not been as widely tested as vitamin E in 
exercise studies. Table 2.8.1.1 provides a summary of some of the main vitamin C and 
exercise supplementation studies. 
Several studies report an increase in plasma concentrations of ascorbic acid following 
exercise. Duthie et al. (1990) reported increased levels of plasma ascorbate 5min after 
running a half marathon, although levels had returned to baseline by 24h post-
exercise. Following a 21krn run plasma concentrations of ascorbate were increased 
(Gleeson et aI., 1987), by 24h post-exercise levels had reduced to 20% below the pre-
exercise baseline level and were still suppressed 48h later. This initial increase was 
associated with an increase in cortisol. The authors suggest that the release of vitamin 
C is associated with the release of cortisol, via the activation of the adrenal gland. As 
stated earlier, vitamin C is stored in high concentrations in the adrenal glands. 
Increased levels of plasma vitamin C during exercise may reflect an in vivo 
mechanism to protect against exercise-induced free-radical production. Increased free 
radical degradation of vitamin C may also explain the fall in circulating levels of 
vitamin C observed after a single bout of demanding exercise (Gleeson et al., 1987). 
Other exercise studies report an acute increase in plasma vitamin C following exercise 
(Gleeson et al., 1987; Duthie et al., 1990; Maxwell et al., 1993; Rokitzki et al., 
1994a). Well-trained individuals tend to have higher plasma and cellular vitamin C 
status than sedentary individuals (Fishbaine & Butterfield, 1984; Robertson et al., 
1991). This suggests either an adaptive training response, or that well-trained 
individuals are more aware of their health and consume a diet with higher levels of 
vitamin C, or a combination of the two. 
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Deficiency in vitamin C has an effect on exercise-induced tissue oxidative damage in 
guinea pig heart. By reducing the dietary vitamin C content to 10% (0.2g.kg·1) of the 
normal values in guinea pigs, Packer et al. (1986), demonstrated that the myocardial 
capacity of oxidised pyruvate, 2-oxoglutarate and succinate were significantly 
reduced in vitamin C deficient guinea pigs compared to the controls. Running time to 
exhaustion was also significantly shortened by vitamin C deficiency. Interestingly, a 
group of guinea pigs supplemented with twice as much as normal vitamin C in the 
diet also exhibited metabolic defects in the heart and early fatigue. Other tissues such 
as liver and skeletal muscle were not as susceptible as the heart to the vitamin C 
deficit. Fatigue in vitamin C depleted individuals may be attributed in part to reduced 
muscle carnitine (Hughes et aI., 1980). Vitamin C is a co-factor required for 
hydroxylase enzymes involved in the biosynthesis of carnitine (Rebouche, 1991). 
Carnitine functions to transport long-chain fatty acids in the mitochondrial matrix 
(Haecke\ et aI., 1990). In a carnitine deficient state there is reduced fat oxidation and 
weakness (Brass & Hiatt, 1994). 
Plasma levels of vitamin C have been shown to decrease proportionately in response 
to exercise in some studies (Koz et al., 1992). This suggests that during prolonged 
exercise there is an enhanced consumption of vitamin C that may, ultimately, result in 
a depleted state post-exercise. Contrasting data are reported for uphill versus downhill 
running; during downhill running plasma ascorbic acid decreased, whereas there was 
little change following uphill running (Camus et aI., 1994). The two exercise modes 
were of similar intensity. The higher eccentric component of downhill running 
resulted in higher levels of damage and so greater ascorbate stores could have been 
utilised in protecting the body from this damage. 
The study by Buzina and Suboticanec (1985), suggested that vitamin C was related to 
the aerobic capacity of subjects and that vitamin C supplementation may only be of 
benefit to those subjects who have low or deficient basal levels of vitamin C. It has 
long been considered that vitamin C supplementation decreases the incidence of the 
common cold (Pauling, 1971). However, most studies in this area have not found any 
regular benefit in ordinary people (Hemila, 1994; Rinne et al., 2000). In a placebo-
controlled study, subjects under acute physical exercise stress have shown a 
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considerable decrease in upper respiratory tract infection when supplemented with 
vitamin C during the 2-week period after an ultramarathon (Peters et al., 1993). This 
suggests that individuals who are placed into conditions of extreme stress may benefit 
from antioxidant supplementation; this includes athletes who may have a greater need 
for antioxidants during training and competition. 
Several studies report a reduction in muscle soreness and muscle damage following 
vitamin C supplementation. As early as 1952, Staton reported a decrease in muscle 
soreness, in a group that was supplemented with 100mg of vitamin C for 30 days prior 
to a repeated sit-up test. Kaminski and Boal (1993), supplemented with 3000mg of 
vitamin C for 3 days prior to exercise, and for 4 days post-exercise and reported a 
33% reduction in DOMS in approximately half of the subjects. This is consistent with 
the work of Jakeman and Maxwell (1993), who supplemented with 400mg of vitamin 
C for 21 days prior to bench-stepping exercise and reported improved recovery of 
strength and contractile function, as compared to a placebo control. It was suggested 
that vitamin C might exert some protective capability to the cell structures and protect 
them from oxidative stress and mechanical injury. Both of the aforementioned studies 
employed eccentrically biased exercise tests, suggesting that vitamin C may reduce 
damage from eccentrically biased exercise. Currently it is unclear whether this effect 
of vitamin C is related to its antioxidant property or some other mode of action. 
A general criticism of many of the supplementation exercise studies presented in the 
literature is that they are often not reflective of real-life activities, and as such their 
applicability can be debated. Exercise models such as intermittent shuttle running are 
more directly relevant as they simulate the bodily movements involved in multiple 
sprint sports, such as football. Thompson et al. (2001b) supplemented subjects with 
400mg of vitamin C for 14 days prior to a 90min prolonged intermittent shuttle-
running test. Post-exercise, the vitamin C supplemented group showed improved 
muscle function, reduced soreness and reduced plasma IL-6, as compared to the 
control group. When the same test was performed in habitually active males that were 
supplemented with a 19 acute dose of vitamin C 2h before exercise only, there was no 
effect of the vitamin C supplementation, as compared to the control group (Thompson 
et al., 2001a). When 200mg of vitamin C was administered immediately after shuttle 
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running exercise there was no difference between the placebo and vitamin C groups 
for any of the parameters measured, other than plasma vitamin C levels (Thompson et 
al., 2003). This set of studies provides a useful comparison of supplementation 
strategies due to the consistency of exercise test model used. These data suggest that 
vitamin C has to be supplemented for at least several days prior to damaging exercise 
to be of benefit. 
Vitamin C needs time to equilibrate within the different tissues and body 
compartments, although the exact kinetics are unknown. Vitamin C may be acting at a 
redox transcription level by preventing redox signals activating redox transcription 
pathways. It is these pathways that may result in the oxidative stress cascade and 
result in increased inflammation and muscle damage. Supplementation on the day of 
exercise only, or after the stress damage has occurred may be too late to modulate the 
stress-signalling pathways and thus prevent an attenuated damage response in vivo. 
This suggests that once these pathways are activated the damage process may be 
irreversible. Although, in contrast to this hypothesis, Vasankari et al. (1998a) showed 
that 2.0 g of vitamin C (0.5 g administered immediately before, 0.5 g during and 1.0 
g after exercise) could reduce ROS production during the recovery period. Also, the 
investigation by Ashton et al. (1999) supplemented with an acute 1 g dose, 
administered 2h before exercise to exhaustion and resulted in reduced ROS activity 
(ESR), LPO and MDA when compared to a placebo group. 
Several studies have investigated the effect of vitamin C on post-exercise immune 
responses. Vitamin C is stored at high concentrations in immune cells (Peake, 2003) 
and so is likely to be important for their functional responses. The data on the immune 
effects of vitamin C are inconsistent. Peters et al. (2001a; 2001b) reported that 
vitamin C supplementation attenuated both cortisol and adrenaline responses post-
exercise, but that CRP concentrations were increased. Nieman et al. (I 997b ) and 
Krause et al. (2001) found no benefit of vitamin C supplementation on neutrophil 
function after exercise, although the Nieman study was confounded by the 
consumption of carbohydrate during exercise, which is likely to have influenced the 
results. There was also no influence of vitamin C on natural killer activity, 
lymphocyte proliferation or monocyte phagocytosis (Nieman et al., 1997b). 
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Subsequently, Nieman et al. (2000a) reported a post-exercise reduction in IL-lQ and 
IL-1ra and a trend towards reduced IL-6 and IL-8 with 1500 mg.dail dose of vitamin 
C. This reduction in inflammatory cytokines was suggested to be reflective of reduced 
muscle damage. However, in this the statistical analysis is somewhat dubious due to 
the combination of the data from the placebo group with that from the 500 mg.dail 
group to obtain a difference from the 1500 mg.dail . In a subsequent experiment, the 
same group reported no effect of 1500mg.dail of vitamin C on cytokines, leukocytes 
or markers of oxidative damage following exhaustive exercise (Nieman et aI., 2002), 
although the administration of carbohydrate may have masked any immune responses 
that were a consequence of vitamin C administration. 
A small study by Yanai & Morimoto, (2004) tested the effect of 1000mg.dail 
vitamin C supplementation, during for 3 weeks of exhaustive training. In the vitamin 
C group, serum LDL-cholesterollevels decreased and high-density lipoprotein (HDL) 
cholesterol increased following the training period. Vitamin C may contribute to the 
desirable changes in serum lipids during exhaustive training. The documented 
benefits of vitamin C extend to disease states. In patients with intermittent 
claudication, exercise is associated with a marked increase in oxidative stress. In 
patients supplemented with vitamin C, the acute, systemic impairment in endothelial 
function induced by maximal exercise is prevented, as measured by increased flow-
mediated dilation, decreased TBARS and sICAM-1 (Silvestro et aI., 2002). In patients 
with recurrent furunculosis (boils), supplementation with Ig a day of vitamin C 
resulted in recovery of neutrophil functions; chemotaxis, phagocytosis and superoxide 
generation (Levy et aI., 1996). 
One of the unanswered questions in antioxidant research is the effect of antioxidants 
on the adaptive response to exercise. Oxidative stress induces adaptations in the 
expression of antioxidant enzymes and heat shock proteins. Vitamin C 
supplementation at a dose of 500mg.dai l for 8 weeks was found to elevate baseline 
SOD, catalase activity and Hsp60 within lymphocytes (Khassaf et al., 2003). In this 
study, lymphocytes from the control group responded to a hydrogen peroxide 
challenge with an increased activity of SOD, catalase and elevated Hsp60 and Hsp70. 
In the supplemented group, baseline levels were increased but there was no significant 
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response above this to the hydrogen peroxide challenge. The authors suggest that in 
vitamin C supplemented subjects the adaptive responses to oxidants are attenuated, 
but that this may be due to the increased baseline expression of protective systems. 
These data suggest that the adaptive response is not detrimentally affected with 
vitamin C supplementation. 
Further studies are required to fully elucidate the effect of vitamin C supplementation 
on post-exercise stress responses. Due to the inconsistencies in experimental design it 
is currently difficult to compare data and draw meaningful conclusions. 
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Table 2.8.1.1: A summary of human exercise and vitamin C supplementation studies and their main findings 
(NE, no effect; IL, interleukin; DOMS, delayed-onset muscle soreness; MDA, malondialdehyde; TBARS; thiobarbituric acid, URTI, upper respiratory tract 
infection; LPO, lipid peroxides; PE, post-exercise; CRP, C-reactive protein; AST, asparate amino transferase; ESR, electron spin resonance; ORAC, oxygen 
radical absorbance capacity; CK, creatine kinase; t increase; ! decrease) 
Supplementation Strategy Exercise Model Main Findings Reference 
Ig.day·l 30min running ! TBARS:ORAC (oxidative stress ratio) Alessio et al. (1997) 
(2 weeks) 80% VO, ... , 
Ig acute dose Cycling to exhaustion (- ISmin) ! LPO,ESR Ashton et al. (1999) 
(2h pre-exercise) 
19.day" Cycling performance trials tMDA Bryant et at. (2003) 
(3 weeks) 
500mg.day" 90min walk Work performed and gross efficiency t at repletion Johnston et al. (1999) 
(14 days 50% VO,,,,,,, 
depletion / repletion study) 
3g.day" Eccentric leg exercise !DOMS Kaminski & Boal, (1992) 
(3 days + 10 days PE) 
500mg.day" Cycle ergometry t lymphocyte Hsp70 at baseline. NE on exercise response Khassaf et at. (2003) 
(8 weeks) 
400mg.day" 60min stepping t muscle recovery Jakeman & Maxwell, 
(3 weeks & 7 days PE) ! fatigue, NE serum CK (1993) 
500mg & 1500mg day" ultramarathon ! IL-6, IL-IO, IL-Ira and IL-8 with 1500mg dose Nieman et at. (2000a) 
(7 days pre-exercise 2 days PE) 
Ig.day" 2.5hrun No effect on IL-6, serum cortisol, Iymphocyte proliferation Neiman et at. (1997b) 
(8 days) 75-80% VO,,,,,,, and leukocyte subsets 
600mg.day" ultramarathon ! risk URTI Peters et al. (1993) 
(3 weeks) 
Ig.day" ultramarathon ! cortisol Peters et al. (2001) 
(7 days pre-exercise 2 days PE) t CRP 
Ig acute dose intermittent shuttle running No effect on Cl(, AST & MDA Thompson et al. (200Ia) 
(2h pre-exercise) 
400mg.day" intermittent shuttle running ! IL-6, DOMS, MDA Thompson et at. (200 I b) 
(14 days) i muscle strength 
2g pre-exercise and 3g PE 27kmrun ! conjugated dienes Vasankari et al. (1998a) 
19.day" lh at 76% ! Cl(, lipid peroxidation Wilson et al. (2001) 
(10 days pre-exercise) Maximal aerobic capacity 
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2.8.1.2 Vitamin E 
Due to the importance of vitamin E in protecting cellular membranes from lipid 
peroxidation, exercise-intervention studies have focused on the ability of vitamin E 
supplementation to reduce the oxidative stress and muscle damage caused by exercise. 
A summary of the main investigations into the effects of vitamin E on post-exercise 
stress responses is presented in Table 2.8.1.2. 
Sumida et al. (1989) showed that 300mg per day of vitamin E taken for 4 weeks 
reduced the exercise-induced increase in MDA in response to an incremental exercise 
test to exhaustion. Similarly, Itoh et al. (2000) reported that subjects who ingested 
1200 IV vitamin E per day for 4 weeks had reduced leakage of muscle enzymes in 
response to a demanding exercise challenge. Rokitzki et al. (l994b) showed that 
supplementing trained cyclists with 500 IV vitamin E for 5 months prior to exhaustive 
exercise lowered the MDA response. There are several studies that provide evidence 
for a reduction in measures of oxidative stress in response to vitamin E 
supplementation. However, not all studies report this effect; Jakeman and Maxwell 
(1993) reported that 21days of 267 IV vitamin E intervention had no significant effect 
on lipid peroxidation. 
The effect of vitamin E supplementation on markers of muscle damage and function 
has been examined due to vitamin E's properties in cellular membranes. Cannon et al. 
(1990) supplemented subjects with 400 IV of vitamin E for 48 days prior to 45min of 
downhill running. They observed a reduction in the post-exercise CK response in the 
supplemented group, and levels of CK returned to baseline quicker than the placebo 
group. Peak CK activity was correlated with increased neutrophil superoxide release, 
supporting the hypothesis that increased neutrophil activation is associated with 
increased muscle damage. In a similar study, Meydani et al. (1993) reported a 
beneficial effect of vitamin E supplementation on markers of oxidative stress and 
suggested that there was a reduction in exercise-induced muscle damage. Muscle 
biopsies obtained from the vastus lateralis showed that exercise increased the level of 
lipid peroxidation by-products in the muscle of the placebo group, whereas in the 
muscle of the vitamin E supplemented group no such oxidative lipid damage was 
evident. 
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Other studies that report a decrease in muscle damage markers include those of Apple 
and Rhodes (1998) who demonstrated that vitamin E supplemented athletes showed a 
decrease in plasma CK. McBride et al. (1998) observed a reduction in post-exercise 
CK activity following a bout of resistance exercise when volunteers were 
supplemented with 1200 IV of vitamin E for 2 weeks before exercise. Again, as with 
oxidative stress markers, not all studies report the same effect of intervention; Beaton 
et al. (2002) found that 1200 IV vitamin E per day for 30 days before exercise did not 
significantly affect maximum isometric force or DOMS. They also reported no effect 
of supplementation on ultrastructural damage or macrophage infiltration. A study by 
Schneider et al. (2003) investigated whether supplementation of vitamin E followed 
by exhaustive exercise lead to an increase of the vitamin C radical in plasma. 
Supplementation with 500 IV.day'! for 8 days, followed by two exhaustive treadmill 
tests did not result in changes in concentration of the vitamin C radical when 
measured up to 48h post-exercise. 
A reduction in the plasma cytokines IL-l ~ and IL-6, but not TNFa was reported by 
Cannon et al. (1991) following supplementation with 800 IV.day'! of vitamin E, 
administered for 48 days prior to downhill running exercise. The reduced level of IL-
l ~ was associated with a marker of proteolysis, 3-methylhistidine excretion. This 
suggested that the vitamin E was protecting against muscle breakdown. These 
findings however, are not consistent; supplementation of triathletes with 800 IV.day·! 
vitamin E for 2 months prior to a race actually resulted in increased plasma F2-
isoprostane, IL-6, IL-lra and IL-8 in the supplemented group as compared to the 
control (Nieman et aI., 2004). These data suggest that in this population, under these 
specific conditions, vitamin E promotes lipid peroxidation and inflammation. This is 
in contrast to the hypothesis that vitamin E supplementation may attenuate these 
responses and is therefore of some concern and warrants further investigation. In this 
study, as with most other reported studies, vitamin E was administered as the u-
tocopherol form. Subjects in the vitamin E group exhibited reduced plasma gamma 
tocopherol levels. Evidence indicates that the y-tocopherol form inhibits pro-
inflammatory PGE2, LTB4, TNFa and isoprostane production in rats (Jiang & Ames, 
2003), therefore a reduction in plasma y-tocopherol may partially account for the 
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elevated lipid peroxidase and inflammatory response observed in the Nieman et al. 
(2004) study. 
Neiss et al. (2000) conducted a double-blinded cross-over study where subjects were 
supplemented with 500 IU of vitamin E per day for 28 days. Following 30min of 
treadmill running to exhaustion there was no effect of vitamin E on either inducible 
nitric oxide synthase or haemoxygenase-l in leukocytes. In a follow-up study, the 
same group (Niess et al., 2002) observed a reduction in the post-exercise expression 
of Hsp72 following 8 days supplementation with 500 IU per day of vitamin E. The 
transient reduction in Hsp72 by vitamin E intervention suggests that ROS are 
involved in heat shock protein production. 
Although there is limited evidence of vitamin E modulating immune responses in an 
exercise context, several non-exercise studies have reported a benefit. Intercellular 
adhesion molecule-l expression by human vascular endothelial cells is regulated by 
oxidant-sensitive transcription control. Prolonged low dose vitamin E (50 IU.day·l. for 
20 weeks) significantly decreased circulation slCAM-l levels in healthy subjects 
(Desideri et al., 2002), which suggests that vitamin E therefore could potentially 
prevent atherosclerotic events. A randomised, double-blind, placebo controlled 
intervention study of 60, 200 or 800mg per day vitamin E for 235 days in subjects 
aged over 65 improved T-cell mediated function, DTH response and increased 
antibody titre in response to tetanus vaccine (Meydani et al., 1997). 
In 1980 it was estimated that the amount of vitamin E provided by a 'normal' US diet 
was about 11 IU (7.4mg) (National Centre for Health Statistics, 1982). Packer & 
Reznick, (1997) have suggested that such doses are insufficient for active athletes and 
that doses of up to 400 IU per day may be suitable. When considering vitamin E 
supplementation studies, a longer intervention period is required than for vitamin C 
due to its lipophilic nature and time taken to equilibrate throughout the body's tissues. 
Current data support the supplementation of vitamin E to reduce markers of oxidative 
stress. However, the effect of supplementation on markers of muscle damage and 
immunity is less clear at this point. 
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Table 2.8.1.2: A summary of human exercise and vitamin E supplementation studies and their main findings 
(NE, no effect; IL, interleukin; DOMS, delayed-onset muscle soreness; MDA, malondialdehyde; TBARS; thiobarbituric acid,; PE, post-exercise; CK, 
creatine kinase; Hsp, heat shock protein; LDH, lactate dehydrogenase; WBC, white blood cell counts; t increase; t decrease) 
Supplementation Strategy Exercise Model Main Findings 
-1 400 IU.kg 
(3 weeks) 
400 IU.day -1 
(8 weeks) 
800 IU.day -1 
(8 weeks) 
-1 600 IV.day 
(2days & 2 days PE) 
-1 1200 mg.day 
(2 weeks) 
-1 1200IV.day 
(4 weeks) 
267 IV.day -1 
(3weeks + 7 days PE) 
-1 1200 IV.day 
(2 weeks) 
-1 800 IV.day 
(8 weeks) 
-1 800 IV.day 
(2months) 
500 IV.day -1 
(8 days) 
-1 400 IV.day 
(5 months) 
-1 400 mg.day 
(4 weeks) 
-1 300 mg.day 
(4 weeks) 
Cycling performance trials 
45min downhill run 
75% HRmax 
45min downhill run 
75% HRmax 
Eccentric exercise 
Run to exhaustion 
6 days of running training 
60min eccentric stepping 
Resistance exercise 
45min downhill run 
75%HRmax 
Triathlon 
Run to exhaustion (-30 min) 
Cycle training 
High altitude exercise 
Run to exhaustion 
t MDA 
tCK 
t IL-6, IL-IP 
NEonTNFa 
NE on DOMS (2d PE) 
t WBC DNA damage 
t TBA (thiobarbituric acid) 
t CK,LDH 
NE on muscle function, lipid peroxidation 
t CK, structural damage 
NEonMDA 
t TBARS, conjugated dienes 
t IL-6, IL-Ira, IL-8, isoprostanes 
t Hsp72mRNA 
tCK,MDA 
i anaerobic threshold 
t expired pentane 
tMDA 
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Reference 
Bryant et al. (2003) 
Cannon et al. (1990) 
Cannon et al. (1991) 
Francis & Hoobler (1986) 
Hartman et at. (1995) 
Itoh et al. (2000) 
Jakeman & Maxwell (1993) 
McBride et at. (1998) 
Meydani et al. (1993) 
Nieman et al. (2004) 
Niess et at. (2002) 
Rokitski et al. (1994b) 
Simon-Schnass & Pabst, (1988) 
Sumida et al. (1989) 
2.8.1.3 Other antioxidants 
There are many other antioxidant molecules, both natural and synthetic, which are 
prominent in the literature, although they are rarely examined in relation to exercise-
induced stress responses, especially in isolation. Ubiquinone (co-enzyme QlO) is an 
electron transport intermediary that also exhibits antioxidant properties (Goldfarb, 
1999). It has been postulated that this may help prevent oxidati ve stress. Laaksonen et 
al. (1995) supplemented older and young subjects with 120mg ubiquinone per day for 
6 weeks and found that there was no effect on performance measures or MDA 
responses. A more recent study suggested that the QlO may be responsible for a 
limited improvement of tolerance to higher workloads, although there was little 
evidence to substantiate this (Bonetti et al., 2000). 
Flavanoids are a group of phytochemicals that have antioxidant activity. Currently 
there is no consensus on the effects of flavanoids in an exercise context. Other 
nutrients such as l3-carotene and selenium have not been examined individually but 
have been assessed in combination with other molecules. Zinc is an important co-
factor in a range of immune functions. It has been suggested that athletes may be 
deficient in zinc (Peake et al., 2003). Supplementing trained runners with a 
combination of zinc and copper for 4 days prior to a run to exhaustion (Singh et al., 
1994) prevented an increase in the capacity of neutrophils to produce ROS in vitro 
immediately post-exercise, although the significance of this finding in vivo is unclear. 
Acute supplementation with zinc did not influence the effects of exhaustive running 
on metabolic and endocrine responses in female eumenorrheic runners (Singh et al., 
1999). 
2.8.2 Mixed antioxidant supplementation 
Within a normal diet antioxidant molecules are presented in combination with many 
other molecules and not in isolation. It is therefore relevant to study the effects of 
combinations of molecules on the effects of post -exercise stress responses. For 
example, due to the synergistic effects of vitamin C in recycling oxidised vitamin E, 
there may be an enhanced response when both molecules are supplemented together, 
rather than individually. Combination studies provide information on a particular mix 
of antioxidants but not on the individual components of that mix. Within the exercise 
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field of scientific research, there are currently only a small number of studies that 
have examined the effects on combinations of antioxidants. The main studies are 
summarised in Table 2.8.2. 
Supplementation with a mixture of (3-carotene, vitamin C and vitamin E for 6 weeks 
resulted in decreased levels of lipid peroxidation; expired pentane and serum MDA, 
both at rest and following exercise at 60% and 90% V02max (Kanter et aI., 1993). A 
later study by Tauler et al. (2002) reported that supplementation for 90 days of 
vitamin E, C and (3-carotene enhanced neutrophil glutathione reductase activity and 
increased neutrophil antioxidant enzymes SOD and catalase in athletes. These data 
suggest that exogenous antioxidants can boost in vivo endogenous antioxidant levels 
and thus provide greater capability to respond to free radicals and oxidative stress. 
Viguie et al. (1989) reported that a mixture of (3-carotene, vitamin C and vitamin E 
for 8 weeks maintained plasma glutathione status and reduced levels of CK following 
downhill running, compared to the control group. 
A mixed supplementation of vitamin's E, C and selenium (14 days) in women 
resulted in an attenuation in the rise in MDA and plasma protein carbonyls following 
eccentric elbow flexor exercise (Goldfarb et al., 2005). Conversely, the 
supplementation of a complex mix of antioxidants taken for 24 days did not attenuate 
oxidative stress levels in a cold environment at altitude in US Marine recruits 
(Schmidt et al., 2002), although it may have reduced the oxidative stress of some 
individuals with Iow initial antioxidant status. It would appear that antioxidant 
supplementation is most effective in those individuals with Iow basal levels or who 
are in some way compromised, this includes untrained volunteers undertaking intense 
or prolonged exercise. A two month intervention with vitamins A, C and E in young 
men, followed by a maximal cycle ergometer test, indicated that vitamin treatment 
was effective in preventing the inflammation-like response and adverse 
hemorheological changes after exhaustive exercise, as measured by white blood cell 
counts, red blood cell deforrnabiIity and aggregation (Senturk et aI., 2005). The 
antioxidant supplementation was found to be more effective than training alone. 
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Rokitzki et al. (1994c) supplemented trained marathon runners with a mixture of 400 
IV vitamin E and 200 mg vitamin C for 4.5 weeks prior to a marathon race. They 
found no significant difference in MDA levels between groups. However, 
immediately post and 24h post-marathon, the concentration of serum CK was lower in 
the supplemented group than in the control. This suggests that this combination of 
antioxidant supplementation offered some protection against exercise-induced muscle 
damage. A four-week study supplemented experienced male distance runners with 
500 or 1000 mg of vitamin C and 500 or 1000 IV of vitamin E and measured 
biochemical and ultrastructural indices following a 21 km run (Dawson et al., 2002). 
There were no significant differences found between the groups for CK, myoglobin 
and MDA concentration. Muscle biopsies did not show any ultrastructural changes. 
Petersen et al. (2001) failed to show any effect of vitamin C and E supplementation 
following 90 min downhill running on markers of muscle damage or inflammation. 
Conversely, six weeks of supplementation with 1000mg of vitamin C and 300mg 
vitamin E in runners showed a decrease in post-exercise F2-isoprostanes as compared 
to the control group following a 50km ultramarathon (Mastaloudis et aI., 2004). There 
was no difference between groups in the inflammatory markers; TNFa, CRP, and 
IL-6. 
Fischer et al. (2004) supplemented healthy young men with 28 days of 500mg vitamin 
C and 400 IV per day of vitamin E, followed by 3h of dynamic two-legged knee-
extensor exercise at 50% maximal power output. This regime resulted in reduced 
isoprostanes, plasma IL-6, IL-lra, CRP and cortisol compared to the control group 
(Fischer et aI., 2004). Additionally the net release of IL-6 from the leg was 
completely blunted in the treatment group, suggesting that the systemic blunting of 
IL-6 was via the inhibition of IL-6 protein release from contracting skeletal muscle. 
This is similar to the effect reported by Vassilakopoulos et al. (2003) where there was 
a reduction in TNFa, IL-l ~ and IL-6 in healthy, untrained volunteers following a 
combination of vitamins E (200 mg), A (50000 IV) and C (1000 mg) for 60 days, 
allopurinol (600 mg) for 15 days and N-acetylcysteine (2 g) for 3 days prior to two 45 
min bicycle sessions at 70% V02max. These two studies differ from other studies as 
cycling is mainly concentric exercise and therefore was not damaging to muscles, as 
evidenced by the lack of a CK response. 
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Childs et al. (2001) compared the effect of vitamin C (12.5mg.kg-\ of body weight) 
and N-acetylcysteine (IOmg.kg-\ of body weight) to a placebo for 7 days following 
eccentric exercise. Exercise-induced elevations of CK, lactate dehydrogenase and 
myoglobin were greater in the supplemented group, as were oxidative damage 
markers. The post-exercise supplementation was suggested to have transientIy 
elevated oxidative stress and tissue damage, due to an increased concentration of free 
iron, contributing to a pro-oxidant effect. 
As with single antioxidant supplementation studies, the evidence for the effect of 
mixed antioxidant supplementation is equivocal. There is a wide range of antioxidant 
combinations, tested at different doses and intervention periods in different subject 
populations using a variety of exercise test models. The investigation of such 
combinations is worthy of further exploration, as it is likely that a selection of 
molecules wiII be more effective than a single antioxidant, due to differing 
biochemistry's and modes of action. However, the virtue of the single antioxidants 
should be tested individuaIIy in the same exercise model first, before titrating in 
additional compounds. The obvious problem with this scientifically rigorous approach 
is the length of time these studies would take and the financial implications of such 
studies. 
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Table 2.8.2: A summary of human exercise and mixed supplementation studies and their main findings 
(NE, no effect; Vit, vitamin; tocs, tocopherols, DOMS, delayed-onset muscle soreness; MDA, malondialdehyde; TBARS; thiobarbituric acid,; PE, post-
exercise; CK, creatine kinase; Mb, myoglobin; IL, interleukin; CRP, C-reactive protein, TNF, tumour necrosis factor; LDH, lactate dehydrogenase; LPO, 
lipid hydroperoxides; MVC, maximal voluntary contractions; NAC, N-acetyl cysteine; 8-0hdG, 8-hydroxy-deoxyguanosine; t increase; ! decrease) 
Antioxidants Supplementation Stmteg;r Exercise Model Main Findings Reference 
vitC & vitE 1 g + 200 IV.kg-i Cycling perfonnance trials NEon MDA Bryant et al. (2003) 
(3 weeks) 
vitC&NAC 12.5 & 10 mg.kg.day-i Eccentric elbow flexion t CK, LDH, Mb, LPO, Childs et al. (2001) 
(7 days PE) isoprostanes 
vit C & vit E 1 g & 1000 IV.day" 21kmrun NE on Cl(, Mb, MDA, Dawson et al. (2002) 
(4 weeks) ultrastructural damage 
vit C & vit E 500 mg + 400 IV.day" 3h 2-legged knee extensor exercise ! IL-6, IL-lra, CRP, Fischer et al. (2004) 
(28 days) at 50% max power output isoprostanes 
vit E, vit C & selenium 400 IV + 1 g + 90 f.lg Se (for 14 days Eccentric elbow flexor exercise ! MDA, plasma protein Goldfarb et al. (2005) 
before, 2 days after) carbonyls 
vit E & Co-enzyme Q 13.5 + 90 mg.day" Marathon NE on CK, LDL oxidation Kaikkonen et al. (1998) 
(6 weeks) 
vit C, vit E & 592 + 1000 + 30 mg.day" 30 min run, 60% VO'mu ! MDA, expired pentane 24h PE Kanter et al. (1993) 
Jl-carotene (6 weeks) 
vitC & vitE 500 + 400 mg.day" 90 min downhill run NE on cytokines, lymphocytes Petersen et al. (2001) 
(2 weeks + 1 week PE) 75% VO,=, orCK 
mixed toes, flavonoids, 300 + 300 + 800 mg.day" Eccentric arm curl exercise ! IL-6, CRP Phillips et at. (2003) 
docosahexaenoate (14 days) NE on CK,LDH 
vitC & vitE 200 mg + 400 JU.day" Marathon !CK Rokitski et al. (1994c) 
(4.5 weeks) NE plasma TBARS 
vitE, vit C & 600 + 1000 + 32 mg.day" Basketball season ! LPO, LPO: total antioxidant Schroder et al. (2000) 
Jl-carotene (4.5 weeks) status 
vit C & vit E 500mg + 1200 IV.day" 300 maximal eccentric t MVC & contractile torque Shafat et al. (2004) 
(37 days) contractions one leg knee extensors compared to placebo 
vit E, A, C, allopurinol, 200 mg + 50000 IV + 1000 mg (60 45 min bicycle session at 70% ! TNFa, IL-l Jl, IL-6 Vassilakopoulos et al. 
NAC days) + 600 mg (15 days) + 2g (3 days) VOZmax (2003) 
vitE, vitC& 800 IV + 1 g + 10 mg.day·' Downhill run !CK&LDH Viguie et al. (1989) 
Jl-carotene (8 weeks) 85%VO,mu 
vitE, vitC & 800 IV, 1000 mg, 30 mg Cycling at 65% VO'mu 90 min on ! urinary 8-0hdG Wilt et al. (1992) 
Jl-carotene (6 weeks) 3 consecutive days 
116 
2.9 Summary 
The potential adverse effects of exercise-induced stress responses have been 
investigated in a range of scientific studies. However, many studies tend to focus on 
either muscular stress responses, or metabolic or immune responses. There are no 
published studies that provide a comprehensive analysis of all of these metabolic 
responses within the same model of exercise. The interactions between antioxidants, 
oxidative stress and metabolic responses are still comprehensively undefined in 
humans in vivo. Nonetheless, there does appear to be a considerable scope for 
antioxidant intervention in preventing and diminishing some of the damaging 
responses that occur in response to intense or prolonged exercise. Such an approach 
would be valuable in an exercise environment and ultimately also applicable in the 
wider context of the treatment or alleviation of chronic disease states that are 
considered to occur, at least partially, in response to elevated oxidative stress and free 
radical damage. 
The purpose of the investigations presented within this thesis (Chapters 4 to 7) have 
two main aims: 
• To elucidate the effects of an exercise stressor on post -exercise muscle, 
immune and metabolic responses. 
• To investigate the effects of pre-exercise supplementation with dietary 
antioxidants on post-exercise muscle, immune and metabolic 
responses. 
A summary and reflection is presented in Chapter 8 of how the information from 
these studies contributes to a better understanding of muscle damage and immuno-
modulation post -exercise and the wider implications of dietary supplementation. 
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CHAPTER 3 
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General Methods 
3.1 Introduction 
This chapter is intended to cover the common methodologies that were employed 
within the different studies described within this thesis. All of the described studies 
were executed by D.M. Bailey and associates at Loughborough University. 
Subsequent experiments and sample analysis were performed in the Clinical 
Biochemistry Laboratory, Unilever R&D Col worth, and the Exercise Physiology 
Laboratory, Loughborough University. Each individual study received approval from 
the Loughborough Ethical Committee. Methodologies listed here for anthropometric, 
physiological and muscle measures are by personal communication. A more detailed 
description of these techniques can be obtained in Bailey, 2003 (Ph.D thesis). All 
immunological measures were made at Unilever R&D Col worth. The experimental 
design of each individual study is described, as relevant, in the following chapters. 
3.2 Subjects 
All subjects were male volunteers (aged 18-30 yrs); the majority of whom were 
undergraduate students at Loughborough University recruited through local 
advertisements. Prior to participation, subjects were informed both verbally and in 
writing about the exact nature and demands of each investigation. Additionally, 
subjects were given the opportunity to withdraw from any investigation without 
reason and at any time. Subjects were required to complete a mandatory medical 
questionnaire (Appendix 1) and give written informed consent before taking part in 
any investigation. Any subject with a medical condition that might have influenced 
the investigation or compromised their own health was excluded from taking part in 
the study. The physical activity status of each subject was self-reported before 
participation in any of the tests. Subjects who reported colds were excluded from 
further participation in the specific study. 
3.3 Dietary analysis 
Subjects weighed and recorded their food and fluid intake on two occasions each for 
three consecutive days in the studies reported in Chapters 4, 5 and 7. On the first 
occasion the subjects recorded their normal dietary intake and on the second their 
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restricted dietary intake. During supplementation with vitamin C subjects were asked 
to restrict their intake of this antioxidant by consuming four foods with known 
vitamin C content per day from a list provided (Appendix 2). It was estimated that this 
would provide approximately lOO mg vitamin C per day. In the mixed antioxidant 
supplementation study (Chapter 6) both the content of the antioxidant supplement and 
the duration of supplementation made controlling dietary antioxidant intake difficult. 
Consequently subjects were asked to record food and fluid intake for five consecutive 
days during the supplementation period. Weighed food records were analysed by a 
registered dietician at Loughborough University using a nutritional software package 
(COMP-EAT version 4.0, Nutritional Systems, UK). 
3.4 Antioxidant supplementation & source 
In Chapters 4, 5, 6 and 7 subjects were required to complete a period of 
supplementation prior to participation in the main exercise trial. In the studies 
reported in Chapters 4, 5 and 7 the supplements were soft gelatin transparent capsules 
containing a white powder (400mg) that was either vitamin C (ascorbic acid) or a 
placebo (lactose) (Nova Laboratories, Leicester, UK). Subjects were required to 
ingest two capsules per day (800mg), with food, for a total of nine days (Chapters 4 
and 5). The dose and duration of supplementation was adapted from the work of 
Thompson et al. (200Ib) who supplemented with 400 mg.day"1 for 14 days prior to 
exercise. The 800 mg.day"1 dose described was double the dose used in the Thompson 
et al. (2001b) studies for half the duration. In addition to either vitamin C or placebo 
capsules, the study described in Chapter 7 supplemented with a beverage containing 
acerola as the source of vitamin C (400 mg vitamin C per 330 ml) (Appendix 3). In 
the investigation reported in Chapter 6 the supplements were soft gelatin black 
capsules (-1.5 g) and contained either a mixture of antioxidants (ascorbic acid 400 
mg, a-tocopherol 400 1U, zinc 2.5 mg, vitamin B6 1 mg, Bl2 0.5 Ilg and folic acid lOO 
Ilg) or a placebo (soya bean oil) (RP Scherer Ltd, UK). Supplements were taken twice 
daily with food, for a total of 42 days (6 weeks). 
3.5 Anthropometry 
Body mass was measured using a beam balance (Avery Ltd. UK). Subjects were 
weighed wearing only light clothing during preliminary measurements and nude 
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before and after exercise. The latter was to determine change in body mass through 
sweating and subjects were asked to dry themselves prior to these measurements. 
Height was measured using a fixed stadiometer (Holtain LTD, UK). Subjects were 
measured without footware, heels together against the stadiometer. Subjects were 
asked to inhale deeply, and the headboard lowered until it made contact with the 
superior point of the head. Measurements were taken to the nearest 0.1 cm. 
Skinfold thickness was measured as outlined in the ACSM guidelines to exercise 
testing and prescription (ACSM, 1995). All measurements were made on the right-
hand side of the body using pre-calibrated callipers (Holtain Ltd. UK). Sites measured 
were biceps, triceps, subscapular and suprailium. Duplicate measures were taken at 
each of the sites described. The mean skinfold thickness was noted for each site and 
the sum of all four sites was recorded. Values for skin fold thickness are presented as 
the sum of these four sites throughout 
3.6 Maximal oxygen uptake 
Tests and calculations for maximal oxygen uptake were performed at Loughborough 
University. Prior to participation in the main exercise trials subjects were required to 
complete preliminary exercise tests to determine exercise intensity. For the downhill 
running treadmill protocol individuals completed two tests. The first was designed to 
determine the oxygen cost (V02) of running at various speeds. Subjects exercised on a 
treadmill (Technogym, Italy) for approximately 16 min during which the treadmill 
speed was increased every fourth minute. Heart rate was monitored by short-range 
telemetry (Polar 8810, Finland), and ratings of perceived exertion (RPE) (Borg, 1973) 
and expired air samples were collected during the final minute of each stage. Maximal 
oxygen uptake (V02max) was determined using an incremental continuous treadmill 
test during which the gradient was increased at three-minute intervals until the subject 
reached volitional exhaustion. During this test the speed remained constant (10-13 
km.h·\ A simple linear regression for V02max against running speed was calculated 
and a value relative to the V02max was used to predict exercise intensity at a given 
speed (Ramsbottom et al., 1988). 
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Prior to participation in the intermittent shuttle running protocol subjects completed 
the field-based multi-stage fitness test (Ramsbottom et al., 1988). This required 
subjects to run between two lines 20m apart to an audio signal. The intervals between 
signals progressively shortened throughout the test demanding an ever-increasing 
running speed. Subjects ran the test until they either reached volitional exhaustion or 
they were unable to maintain the required intensity. A value for V02max was estimated 
from the level attained. This value was then used to calculate running speeds required 
to elicit 55% and 95% of V02""x according to a predetermined regression equation. 
3.7 Exercise intervention models 
3.7.1 Downhill running 
Subjects running this exercise protocol completed a 60 min treadmill run. The 
calibrated treadmill (Technogym, Italy) had a reversed motor to enable downhill 
running at an incline of -10% (0.05 1t radians). Subjects exercised at an intensity that 
would elicit 70% V02""x whilst running on a level gradient for 60 min. Subjects 
reported to the laboratory having refrained from strenuous physical activity for at least 
two days and after an overnight fast of approximately 1 0 to 12 hours. 
3.7.2 Loughborough intermittent shuttle test (UST) 
The Loughborough Intermittent Shuttle Test (LIST) is a field test specifically 
designed to replicate the demands associated with intermittent activity such as soccer 
(Nicholas et aI., 2000). Subjects were required to exercise at varying intensities for a 
total of 90 min, with average exercise intensity equal to 75% V02max. Specifically, 
subjects completed six 15 min periods of variable-intensity running (55% and 95% 
V02max), walking and sprinting between two lines 20m apart. Following each 15 min 
set subjects rested for 3 min, giving a total rest time of 15 min. Variable running 
speeds were estimated from individual V02max values, and were dictated by an audio 
signal from a microcomputer (Hewlett Packard, USA) with software developed for 
this purpose (H.K.A. Lalcomy, Loughborough University). An additional different 
audio signal was used at 10 m to ensure the correct pace was maintained throughout 
the test. Sprint times were measured using two infra-red photoelectric cells (RS 
Components Ltd, Switzerland) also interfaced with the computer. The LIST was 
performed in a sports hall of Loughborough University under constant environmental 
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conditions (ambient temperature -20-23 °C, relative humidity -50-65 %, barometric 
pressure -740-780mmHg). The overall protocol is illustrated in Figure 3.7.2. 
During the completion of the LIST subjects covered 12 km, sprinting approx imately I 
km, and changing directi on 624 times. Heart rate and ratings of percei ved exertion 
were noted during the final part of each 15 min peri od. Subjects were required to 
ingest a predetermined volume of water during the LIST equal to 5 ml.kg· 1 pre-
exercise, and 2 m1.kg·1 following each 15 nun block. This had previously been shown 
to maintain euhydra tion (± 1.5% body mass) during intermittent exercise (McGregor 
et aI. , 1999). 
.. LIST 
Set 1 Set 2 Set3 
". 
~One cycle of the LIST ...... 
Set 4 Set 5 Set 6 
11@1 Walking al1.5 m.s-\ (49 %) 
D Sprinting (3%) 
D Recovery (5 %) 
D Running at -95% VO,max (19 %) 
D Running al-55 % VO,max (24%) 
Figure 3.7.2 Schematic illustration of the Loughborough In termittent Shuttle Test 
(LIST). Each set lasts 15 mill, with a 3 min rest between sets. One cycle 
is repeated 11 limes in each set. The approximate percentage of tirne 
spent working at each exercise intensity, excluding 3 min rest between 
each set is presented in parentheses ( ) 
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3.8 Physiological measurements 
3.8.1 Muscle/unction 
Changes in muscle function were assessed using an isokinetic dynamometer (Cybex 
model 770, LUMEX Inc. USA) interfaced to a computer with CYBEX NORM 
software. The protocol was specifically designed to measure isometric maximal 
voluntary contraction (MVC) of the leg extensor and flexor muscles (Chapters 4, 5, 6 
and 7). Maximal voluntary contractions were separated by 60s rest periods and 
subjects were both verbally encouraged and received visual feedback during each 
MVC. The highest torque achieved from both repetitions was taken as the peak 
isometric force at each angle. 
3.8.2 Muscle soreness 
Muscle soreness was assessed prior to exercise and then on each subsequent visit to 
the laboratory. Subjects were asked to rate perceived soreness using a modified Borg 
CR -10 scale (Borg, 1982) by pointing to a digit and/or verbal descriptor rating 
muscular soreness from 1 'not sore' to 10 'very, very sore' (Appendix 4). Subjects were 
encouraged to palpate muscles prior to giving any rating to provoke the sensation of 
soreness. The intensity of soreness was also rated in specific muscle groups using the 
1-10 scale. Subjects were also required to make a vertical mark on a horizontal line 
(100mm) labelled 'not sore' and 'very, very sore' at each end when assessing soreness 
(Appendix 4). 
Subjects were also asked to complete the same procedure following active contraction 
of the sore muscle groups, termed 'active' soreness. To facilitate this active soreness 
subjects were required to descend a fixed number of steps (13 steps descending 
-2.3m) prior to assessment. (Note; subjects were also required to climb these steps 
before the assessment of active soreness). 
To determine the location of muscle soreness subjects were asked to highlight 
diagrams of the human musculature prior to rating soreness. Diagrams were 
simplified into regions of the major muscle groups in the human anatomy and were 
shown separately as anterior and posterior (Appendix 5). 
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3.9 Body fluid sampling 
3.9.1 Blood sampling 
Subjects arrived in the laboratory after an overnight fast of at least 10h. Blood samples 
were taken by qualified personnel from a forearm vein using the Monovette (Becton 
Dickinson) blood collection system. Samples were collected into either; serum tubes, 
heparin or ethylenediaminetetraacetic acid (EDTA) anticoagulant tubes. Different 
collection tubes were taken due to different assay format requirements. Whole blood 
(heparin for functional assays, EDT A for cell counts and cell staining) was used 
directly. The serum samples were allowed to clot for 20 min followed by chilled 
centrifugation (4°C) at 3000g (Koolspin, Burkhard Scientific). The EDTA samples 
were centrifuged at 3000g for 15 min (4°C) to obtain plasma, which was aliquoted 
and frozen at -80°C. Samples were either processed directly or frozen at -80°C at 
Loughborough University. Fresh blood samples for flow cytometric analysis were 
transported over ice by courier as soon as possible after collection to Unilever R&D 
Colworth for processing on arrival. 
For the study reported in Chapter 4 samples were drawn into syringes and dispensed 
into blood collection tubes (Sarstedt Ltd. UK). Monovette collection tubes (Sarstedt 
Ltd., UK) and butterfly needles (Multifly, 18G, Sarstedt Ltd., UK) were used in 
subsequent investigations (Chapters 5, 6 and 7). Blood aliquots (EDTA) were 
removed for the determination of haematocrit and haemoglobin. Tubes were 
subsequently centrifuged at 4000g for 10 min at 4 QC (Koolspin, Burkard Scientific 
Ltd., UK) to obtain plasma. This was dispensed and immediately frozen in liquid 
nitrogen then stored at -80QC. An aliquot of plasma (0.5 ml) was added to an equal 
volume of 10% metaphosphoric acid (Sigma Chemical Co. Ltd., UK), mixed and 
immediately frozen in liquid nitrogen then stored at -80QC until the supematant was 
analysed for vitamin C. The remaining blood, either 5 ml (Chapter 4) or 10 ml 
(Chapters 5, 6 and 7) was allowed to clot for 30 min, and then centrifuged at 4000g 
for 10 min (4 QC) to obtained serum. Serum was dispensed and stored at -80QC for 
further analysis. 
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3.9.2 Saliva sampling 
Subjects were asked not to consume food or drink for 30 min prior to collecting a 
saliva sample. They were asked to gently chew on a Salivette (a roll of cotton 
contained inside a small plastic tube) (Sarstedt) for one minute. The subjects were 
asked to remove the cotton roll out of the small inner tube and chew gently for one 
minute, taking take not to chew too hard so as to saturate the cotton roll with as much 
saliva as possible. After one minute the cotton roll was placed back inside the small 
inner tube and the lid sealed. 
Sample tubes were then spun for 15 min (250g; Rotina 46R; Hettich). The inner tube 
was discarded and the saliva aliquotted from the bottom of the larger outer tube and 
stored frozen at -80°C until required for assay. Upon thawing, samples were vortexed 
and spun in a microfuge (Eppendorf) at 3000rpm for 15 min prior to assaying to pellet 
and precipitate mucins. 
3.9.3 Urine sampling 
Mid-flow urine samples were taken directly into 30 ml universals (Bibby-Sterilin) and 
then frozen at -80°C until required for assay. Upon thawing, samples were vortexed 
and allowed to stand so that any precipitate fell to the bottom of the tube and would 
not be pipetted up into the analysis tube, and therefore possibly interfere with the 
assays. 
3.9.4 Sample analysis 
All of the immunological parameters (flow cytometry, ELISA and DELFIA assays) 
were measured at Unilever R&D, Colworth, as were all saliva and urine 
measurements. Analysis of muscle damage proteins, lipid hydroperoxides and 
vitamin e were measured at the School of Sport and Exercise Science at 
Loughborough University. Vitamin E analysis was conducted at the Rowett Research 
Institute, Aberdeen, the details of which are not commercially available but are 
outlined in Appendix 7. 
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3.9.5 Sample disposal 
Most body fluid samples were disposed of as clinical waste that was autoclaved prior 
to landfill or incineration. Samples which had been treated with DNA stains or 
fluorescent stains were disposed of as chemical waste due to the possible carcinogenic 
or mutagenic effects of human exposure to the chemicals. For chemical disposal, 
samples were disposed of into yellow waste disposal bins with a one-way seal lid, 
fully labelled as chemical waste and removed from site. 
3.10 Plasma volume 
Haematocrit measurements were determined with a micro-haematocrit reader 
(Hawksley Ltd, Lancing, UK) following micro-centrifugation (15 min). Haemoglobin 
was measured by the cyanomethemoglobin method (Boehringer Mannheim GmbH 
Diagnostica, Germany). Changes in plasma volume were assessed using haematrocrit 
and haemoglobin values (Dill & Costill, 1974). 
3.11 Antioxidant status 
Vitamin C analysis was determined by high performance liquid chromatography 
(HPLC). All vitamin C analysis refers to plasma concentrations of ascorbic acid 
(Appendix 6). In Chapter 6 vitamin E (u, y-tocopherol and retinol) analysis was 
conducted using a similar system as described for vitamin C (Appendix 7). Serum uric 
acid concentrations were determined at 37°C using a commercially available 
spectrophotometric method (Randox, UK) using an automated system (COBAS Mira 
Plus, Roche Diagnostics Systems, Switzerland). 
3.12 Markers of oxidative stress 
Urinary and serum F2-isoprostanes were measured at Unilever R&D, Colworth using 
an antibody developed 'in house'. Serum was used in the assay, as the anticoagulants 
in plasma blood collection tubes affect the europium binding in the dissociation 
enhanced lanthanide fluorescence immunoassay (DELFlA) assay. Serum was 
vortexed upon thawing. Urine was thawed, vortexed and the allowed to stand so that 
precipitates were not included in the assay. An anti-mouse plate (Perkin Elmer Life 
Sciences, UK) was pre-washed with DELFlA assay buffer prior to the addition of 
standards or samples. Anti-isoprostane monoclonal antibody (Colworth in-house 
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antibody number 6514.14) at a stock concentration of 8.2 mg.rn1·1 was diluted 1 in 
500 with assay buffer. A 6.1 III a1iquot of this was then added to 5 rn1 of assay buffer 
to give a final concentration of 10 Ilg.mr1• This was filtered through a 0.2 Ilm filter. 
The tracer used was 8-iso-PGF2-ovalbumin-europium chelate. This is unstable in 
assay buffer and so was made up immediately prior to use. The tracer was diluted 1 in 
15000 in Assay buffer. A 1 in 100 stock was then made up into storage tracer buffer. 
The assay protocol was then run as for manual cortisol DELFlA as detailed in section 
3.14.3. Lipid hydroperoxides (LPO) were measured using a commercially available 
kit (Cayman Chemicals, UK). 
3.13 Markers of muscle damage 
Serum creatine kinase activity was determined at 37°C using commercially available 
spectrophotometric techniques (Randox, UK) designed specifically for use on an 
automated system (COBAS Mira Plus, Roche Diagnostics Systems, Switzerland). 
Serum myoglobin concentrations were measured with an immunoturbidimetric assay 
also specifically developed for the automated system (Randox, UK). Prior to analysis, 
the method was checked against universal quality controls provided by the 
manufacturers (Randox, UK). 
3.14 Markers of immune function 
3.14.1 Enzyme-linked immunosorbant assays (EL/SA) 
Samples were stored at -80°C until required. All samples were assayed in duplicate, 
with all the samples from one subject being analysed on the same assay plate. Any 
samples with a co-efficient of variation above 10% was reassayed. Serum 
concentrations of soluble cytokines including interleukin 6 (1L-6), tumour necrosis 
factor alpha (TNF-a), interleukin 10 (IL-I0) and interleukin 1 receptor antagonist (lL-
Ira) were measured using commercially available enzyme linked immunosorbant 
assays (ELISA) (R&D Systems Inc., UK). All were based on the principle of the 
sandwich enzyme immunoassay technique. Detection of TNF- a, IL-6 and IL-I0 
required the use of high sensitivity assay kits. All assays were performed as per 
manufacturer's instructions; Table 3.14.1 lists the commercially available ELISAs 
used in the investigations presented within this thesis. Commercially available 
ELISAs were also used to determine C-reactive protein (CRP), serum free cortisol 
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(DSLabs Inc., UK), heat shock protein 70 (Hsp70) (Stressgen Biotechnologies Inc., 
USA) and cell adhesion markers (sICAM-l) (R&D Systems Inc., UK). All assays 
were read on a plate reader (Dynex Technologies Inc., USA) and data was derived 
using MRX2 software (Dynex Technologies Inc., USA). Serum total cortisol was 
measured at Loughborough University by radioimmunoassay (Cort-A-Count, 
Diagnostics Products Corporation, USA). 
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Table 3.14.1 Enryme-linked immunosorbant assays used in the analysis of immune-associated proteins 
Analyte ELISA Fonnat Manufacturer Sample Type Sample Volume Wavelengths Assay Range Intra assay Inter assay 
per well (!'I) (reference, om) variation % variation % 
IL-6 sandwich R&DSystems serum/plasma lOO 450 0-300 2.6 4.5 
(540/570) pg.mr' 
IL-6 HS sandwich R&DSystems serum/plasma 200 490 0.156-10 6.9 14.1 
(not heparin) (650/690) pg.mr' 
Second generation HS sandwich R&DSystems serum/plasma lOO 490 0-300 7.3 7.7 
IL-6 (not heparin) (650/690) pg.mr' 
TNFalpha sandwich R&DSystems serum/plasma 200 450 0.156-10 4.7 5.8 
(540/570) pg.mr' 
TNFalpha HS sandwich R&DSystems serum/plasma 200 490 0-10 6.9 14.1 
(not heparin) (650/690) pg.mr' 
IL-IO sandwich R&DSystems serum/plasma 200 450 0-500 3.7 6.9 
(540/570) pg.mr' 
IL-IO HS sandwich R&DSystems serum/plasma 200 490 0.78-50 7.7 11.3 
(not heparin) (650/690) pg.mr' 
IL-Ira sandwich R&DSystems serum/plasma 200 450 46.9-3000 4.8 5.4 
(540/570) pg.mr' 
sICAM-I sandwich R&DSystems serum/plasma 100 of lin 15 450 0-49.55 4.4 7.4 
dilution (620/650) ng.mr' 
Cortisol competition DSLabs serum/plasma 25 450 0-60 5.9 8.7 
(620/650) "g.dr' 
C-reactive protein sandwich DSLabs serum 10 of lin 500 405 1.6-500 2.8 4.2 
dilution (600/620) ng.mr' 
Hsp70 sandwich Stressgen serum 1000flin5 450 0.78-50 <10 <10 
Biotechnologies dilution (540/570) ng.mr' 
INFgamma sandwich R&DSystems serumlEDTA lOO 450 15.6-1000 3.4 5.9 
plasma/cell (540/570) pg.mr' 
culture 
IL-6 sandwich Biosource cell culture lOO 450 15-1540 <6 <8 
(540/570) pg.mr' 
IL-IO sandwich Pharmingen cell culture lOO 450 7.8-500 2.5 7.8 
(540/570) Eg·mr' 
(Intra and Inter assay variations provided by manufacturer) 
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3.14.2 Dissociation Enhanced Lanthanide FluorolmmunoAssay (DELFIA) -
(Perkin Elmer life Sciences, UK) 
DELFIA assays are commonly 10 times more sensitive than conventional enzyme 
. immunoassays (EIA). Time resolved fluorometry utilises trivalent lanthanide chelates 
that have unique fluorescence properties - a large Stokes shift, high fluorescence 
intensity and long decay times that help confer high sensitivity and specificity. 
DELFIA assays may either be performed manually or for higher throughput (up to 
twenty 96 well plates or 780 samples per day) on a fully automated AutoDELFIA 
system. 
3.14.3 Salivary cortisol 
Saliva samples were thawed, vortexed and spun in a microfuge (Eppendorf) at 3000 
rpm for 15 min prior to assaying to precipitate and pellet mucins. A cortisol antibody 
stock was prepared (Polyclonal anti-cortisol rabbit antibody; Biogenesis 2330-5101, 
diluted 1 in 50 in DELFIA Assay Buffer) and diluted a further 1 in 100 in Assay 
buffer, and added in 100 III amounts to the same wells. Fifty microlitres of standards, 
quality controls (QCs), or samples were dispensed into each well of a 96 well anti-
rabbit plate (Perkin Elmer Life Sciences) in duplicate. The plate was incubated for 60 
min at room temperature with shaking. Cortisol tracer stock (Cortisol Tracer CH008-
2001; Perkin Elmer Life Sciences) was diluted 1 in 640 in final dilution buffer. Prior 
to addition to the microplate, the tracer intennediate was diluted a further 1 in 100 in 
Assay buffer, and added in 100 III amounts to all wells of the plate. The plates were 
incubated for a further 60 min at room temperature with shaking and then washed 
with 6 x 200 III of DELFlA plate wash. Enhancement solution was then added to each 
well (200 Ill). Plates were then shaken at room temperature for 5 min, and the counts 
were read on a fluorescent rnicroplate reader (Viktor, Wallac). Concentration values 
are determined from the standard curve using a Multicalc (Wallac) data reduction 
programme. The format of this DELFIA assay is illustrated in Figure 3.14.3. 
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Figure 3.14.3: Salivwy cortisol DELFIA assay fo rmat 
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Flow cytometry is a technique that allows the analysis of single cell suspensions by 
the illumination of particles by a light source and usually invo lves subsequent analysis 
of fluorescent light, emitted by fluorochrome-stained particles. This technique a llows 
the collection of vast amounts of data on cells in a short time. 
3.15.1 The Coulter® EPICS® XL-MCLflow cytometer 
The EPICS® XL-MCL is a bench top flow cytometric analyser which uses an alr-
cooled argon ion laser li ght source with a fixed excitation at 488 nm. Measurement 
takes place within a quartz analyser flow cell in a completely enclosed (thus 
biohazard safe) system. In addition to a manual sample port, the system also has a 
Multi -Carousel Loader (MCL) that allows loading of 32 tubes that are automatically 
vortexed prior to aspiration. 
Apart from a high degree in automation, a key feature of the instrument is the optical 
and digital data process ing. Signal peak and area can be processed from every signal 
and a mathematica ll y correct log amplification is computed. The logarithmic 
amplifier has the effect of expanding weak signals and compressing strong signals. 
This makes log signals more suitab le for cell -sta ining analysis. Forward and side 
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scatter detectors are silicon diodes and the system spec ification claims a de tection 
sensiti vity of 0.5 /-1m parti cles and thus di scrimination of leukocytes fa lls well above 
thi s threshold. There are three high sensiti vity photomultiplier tubes, with a spectral 
response between 300 nm and 800 nm, for three-colour fluorescence ana lysis. 
3.15.2 Cytometry software 
Data analysis was performed using proprietary so ftware from Coulter Electronics (XL 
Sys tem 11 Version 1.0). Some of the data embedded into thi s document have been 
generated using the Windows Multiple Document lnterface (WinMDI) Version 2.8 
from the Salk lnstitute. This is public domain software that can be down loaded via 
the internet from http ://facs.scripps.edu 
The computer software generated the percentage, count, mean, median and the 
standard deviation of a defined region. The median was used rather than the mean 
because if the distribution is highly skewed the 'outli ers' will influence the mean data. 
The median is the channel at which half the cell s have a lower fluorescence and half 
higher. 
3.15.3 Flow cytometer calibration 
The fl ow cytometer was calibrated and a ligned daily by use of Flow-Check 
Fluorospheres (Beckman Coulter) to verify ins trument optical alignment and fluidics. 
These are standard size ( 10 fun nominal diameter) polystyrene fluo rescent 
microsphere beads. The fluorescence emiss ion of the dye contained within the 
fluorospheres ranges from 525 nm to 700 nm when exc ited at 488 nm. 
3.15.4 Spectral overlap compensation 
A full 3-way compensation matri x was used for colour compensation calculations. 
Fluorochromes have a wide emiss ion spectrum. When measuring multiple 
fluorescences there is spectral overlap between them. For example, using just 
fluorescein isothiocyanate (FlTC) and phycoerythrin (PE) results in some overl ap of 
the flu orescein emiss ion spectrum with that of PE and will be transmitted by the PE 
filter. This spectral overl ap is corrected for by subtracting some of the flu orescein 
signal from the PE signal and vice-versa (Ormerod, 1999). Compensation was 
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calculated for every antibody combination, checked daily and re-compensated if 
necessary. Table 3. 15 .4 presents the wavelengths of the flu orochromes used. 
Table 3.15.4 Fluoroch.rorne excitation and emission wavelengths 
Fluorochrome 
FITC 
(fluorescein isothiocyanate) 
PEJRDI 
(phycerythrin) 
PC5/PE-CY5 
(phycoerythrin-cyanin 5.1) 
3.15.5 Gatillg 
Excitation 
Wavelength (nm) 
468-505 
486-575 
486-580 
Emission 
Wavelength (nm) 
504-54 1 
568-590 
660-680 
Gating a llows full use of the information gathered for fl ow cytomeu'y data 
acquisition. Data from the parameters stated are di splayed and then regions of interest 
are defined by the user to select certain populations of cell s for di splay of further 
parameters. It is then possible to generate hi stograms that di splay the data onl y from 
the gated region from another hi stogram. Thi s allows for clearer data discrimination. 
An example of thi s is in the analys is of Iymphocyte subsets presented in section 
3. 16.3. 
3.16 1mmuIlostaillillg 
3.16.1 Direct illllllullofluorescellce stailling of whole blood 
Blood samples were prepared within 6 h of co llection. To analyse cell surface 
express ion on leukocyte subsets, I 00 ~I of EDT A whole blood was incubated with 
various combina ti ons of flu orescently labelled mouse anti -human monoclonal 
antibodies in a 12x75 mm tube. All of the antibodies were directl y conjugated to 
either fluorescein isothiocyanate (FITC), phycoerythrin (PE), or phycoerythrin-cyanin 
(PE-CY5). Samples were vortexed gently and incubated at 14°C for 45 min in the 
dark . Two millilitres of FACS Lys ing (Becton Dickenson) solution was added. Tubes 
were vortexed and incubated for 10 min, in the dark, at room temperature. Samples 
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were then centrifuged at 1400rpm for 5 mm (4UC; Rotina 46R, Hettich). The 
supernatant was removed. Three millilitres of wash buffer (Dulbecco's PBS without 
calcium or magnes ium, pH 7.2) was added and centrifuged again at 1400rpm for 5 
min (4uC), the supernatant was then removed. Wash buffer was added (0.5 011) and 
samples stored at 4"C in the dark until analys is. Samples were vortexed before data 
acquisition (Kirwan et aI., 1992). 
3.16.2 Immullofluorescellce labellillg 
For the determination of leukocyte characteristi cs vanous monoclonal antibody 
combinations were used. These combinations were modified for each study. The 
staining combinations consistent within each study are below. Any modifications to 
thi s are included in the relevant following chapters. 
• Anti -CD45 *FITC/CD 14* PE (Immunotech; dual co lour, clones Immu 19.2 and 
RM052, 10 )11 per test) to distinguish Iymphocytes as CD45+C D 14·, and 
monocytes a CDI 4+ 
• Anti-CD3 *FITC/CD 16+56* PE (lmmunotech; dual co lour, c lones UCHT I and 
14.11 9, 10 ~t1 per test), anti -CDI9*Cy-chrome (Pharmingen; clone H1B1 9, 10 )11 
per test) to distinguish T Iymphocytes as CD3+CDI 6-, B cells as 
CDI 9+CD I6'C D56·, NK cells as CDTCD I6/CD56+. 
• Anti -CD8*FITC (Dako; clone DK25, I 0 ~ll per test), CD45ro*PE (Dako; clone 
UCHI , 10 )11 per test), CD4*Cy-chrome (Pharmingen; clone RPA-T4, 10 )lJ per 
test) to identify CD4+ (helper T Iymphocytes), CD8+ (suppressor T cells), 
CD45ro+, a marker for activated and memory T Iymphocytes. 
• Anti -HLA-DP, DQ, DR*FITC (Dako; clone CR3/43, 5 )11 per test), anti-
CDI 4* PE, (Pharmingen; clone M5 E2, 5 )11 of a I in 5 dilution into PBSA), to 
identify MHC class 11 , up-regulated, acti vated T Iymphocytes, di stinct from 
monocytes (CD 14) 
• Anti -CDI8*FITC, (Pharmingen; clone 6.7, 10 )11 per test), anti -CDllb*PE 
(Pharmingen; clone ICRF44, I 0 ~ll per tes t), anti -CD54*Cy-chrome (pharmingen; 
clone HA58, 10 )11 per test), to identi fy cell surface adhes ion molecule express ion. 
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3.17 Cell COUI/ts 
3.17.1 Leukocyte COlIl/ts 
Erythrocytes (50 III of EDTA whole blood) were lysed by incubation with 1.95 mI of 
FACS Lys ing solution (Becton Dickinson) (i.e. 50 ~t1 in 2 ml volume) for 30 min. 
Leukocytes were stained by adding 10 III of I mg. mr l propidium iodide (PI) and then 
analysed volumetricall y, using a 60 ~ll volume stop setting. Analys is gates were set 
around Iymphocytes, monocytes and neutrophils based on their forward and side 
scatter properties . Debris and artefacts were gated out from the PI negati ve 
population. Cell counts were calculated using the fo llowing equation; 
Cell counts per ml = (Total count x 1000) x dilution factor ( I in 40) 
Volume counted (60 ~ll ) 
Absolute leukocyte numbers were calculated by mUltiplying total leukocyte number 
by the proportion of leukocytes staining CD45+ 
3.17.2 Flow cytometric lymphocyte subset al/alysis 
Additional to the cell count procedure outlined in 3. 17. 1, a dot-plot of side-scatter log 
versus CD45*FITC allowed cell debris to be excl uded from the analysis i.e. 'gated 
out ' (Figure 3. 17.2a). Often there is a neglig ible number of eos inophils in a whole 
blood preparation, however, the subject selected for thi s illustration has a clearl y 
defined population of eos inophils (Figure 3. 17 .2a: Region F). 
By plotting log side scatter versus log forward scatter, a Region (V) can be gated 
around the Iymphocyte population (Figure 3. 17.2b). The stop count for the data 
acquisition can be set to a specified cell count. For thi s study, the stop count was set at 
20 000 cell s in Region V, which in a clean cell preparation should contain mainly 
Iymphocytes. The purity of the Iymphocyte count can be verifi ed by a hi stogram 
plotting CDI4*PE versus CD45*FITC. This will remove any stray monocytes from 
the Iymphocyte analysis (Figure 3. 17 .2c). If thi s hi stogram is gated on Region V, that 
is, all the contents of Region V from histogram 2 (Figure 3. 17.2b), and analysed via a 
quadrant gate; the purity of the ori ginal Iymphocyte region can be obtained via the 
percentage of cell s present in Region I . However, basophils will also fa ll into thi s 
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histogram gate, based on size and scatter propert.ies. The value fo r Region I ideall y 
should be over 97%. Figure 3. 17.2c presented below, represents 99.0% Iymphocyle 
gate purity. Lf an abso lute purity is requi red , to subtract the baso phils, the number of 
cells in Region P4 (B cells) (Figure 3. 17 .2e) should be subtracted from the number of 
cells in Region M3, hi stogram 4 (B cells and basophils) (Figure 3. 17.2d). 
Figure 3.17.2a 
" <> 
T 
ss LOG 
Histogram 1: Region A; IYll1phocytes, Region B; IIwllocytes, 
Region. C; neutrophils, Region D; basophils, Region E; 
eosinophils, Region F; deb ris, Regiol/. T: total Leukocyte counts. 
The natural killer cell population (Figure 3. 17.2b) can be analysed by gating on 
Iymphocytes in Region V of Histogram I (Figure 3. 17.2a), thi s time anal ysing the 
CD3 negati ve, CD 16/56 positi ve populati on. This provides the percentage of natural 
killer cell s in the lymphocyte population per specified number of Iymphocytes 
(standardised throughout). As the absolute lymphocyte coun t has been calculated it is 
then possible to calculate the absolute number of NK cells. This same method of 
analys is is applied for the B cell counts, as illustrated in Histogram 5 (Figure 3. 17 .2e). 
The B cell s are defined as the CD 19 pos iti ve SUb-popula ti on within the Iymphocyte 
cluster. 
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Figure 3.17.2b 
Figure 3.17.2c 
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o 
Histogram 2: Region V; lymphocytes, Region U; monocytes; 
Region W; neu.trophils; Region Y; eosinophils and Region X; 
totalleukocyte COUI/ts (above a threshold set at Id FS log) 
o Gated on region V (histogram 2) 
~~-----.--~~--~---=----~ 
I 2 
99.11 % 11.116 % 
co 14~PE 
Histogram 3: Pu.rity of IYlnphocytes (Region SI ) 
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Figllre 3.17.2d 
Figllre 3. l 7.2e 
b Gated on region V (histogram 2) 
2 
4 
o' 
CD 161S6'PE 
Histogram 4: Region M4; Natl/ ral killer cells, Regions M 1 & 
M2; CD3 positive lyrnpllOcytes, Region M3; B cells and 
basophils 
Gated on region V (histogram 2) 
CD 19'PECYS 
2 
12.8% 4 
of Iymphocy les 
= B cells 
Histogram 5: Region P4: B cells, Region PI ; CD3+ 
lympllOcytes, Region P3; NK cells and basophils 
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3.18 Flow cytometric fUllctiollal assays 
3. 18. 1 Phagocytosis 
A modified, optimised protocol of the Phagotest tes tkit (Orpegen Phanna) was u ed 
for the inves ti gation of the phagocyti c funct ion of neutrophils and monocyte in 
whole blood. The assay was based on the uptake of FITC (flu orescein) flu orescent-
labelled Escherichia coli ( 109 per ml) opsonised with immunoglobulin and 
complement from pooled human sera. One hundred microlitres of heparinised whole 
blood per tube (75 x 120mm, Sarstedt) was temperature equilibrated for 10 min in 
iced water. Ten microlitres of pre-cooled labelled bacteri a was added to the assay tube 
at 37°C and incubated in a thermostaticall y controlled water bath (Haake F3), a 
negati ve control sample remained on ice; tubes were then vortexed (Whirlimix). 
Phagocytosis was stopped after 10 min by the addition of I 00 ~tI of ice-cold Quench 
solution, 3 IllI of ice-cold wash buffer (Instamed-Salts) and by placing the tubes in 
iced water. The purpose of the Quench solution was to allow discrimination between 
attachment and internali sation of bacteri a by quenching any FITC fluorescence of 
surface-bound bacteria leaving the fluorescence of internalised bacteri a unaffected. 
All tubes were vortexed and spun for 5 min (1400rpm, 4°C, Rotina 46R; Hetti ch), the 
supernatant was removed. Another 3 ml of wash buffer was added, tubes vortexed and 
the cells re-spun . The supernatant was decan ted and 2 ml of room temperature lys ing 
solution (lysis of erythrocytes and simultaneous fi xing of leukocytes) added for 20 
min . Tubes were then spun, wa hed and respun (1400 rpm, 4°C). One hundred 
microlitres of DNA staining solution (propidium iodide) and 0.5 1111 of wash buffer 
was added to each tube. DNA staining a llows di scrimination between cells and 
artefacts. Tubes were vortexed and incubated for 10 min in ice, in the dark . Fo llowing 
preparation, samples were read on the XL flow cytometer (Coulter) within 60 min due 
to decomposition of fluorescence signal over time (Appendix 8). Relati ve values were 
obtained for the amount of interna li sed flu orescence (i.e. the number of inges ted 
bacteria per cell), the percentages of each cell type which had undergone phagocytosis 
(i.e. ingested bacteria) and the percentage of each cell type of the total were recorded. 
Figure 3.18. 1 represents typical histograms gated on both monocytes and neutrophils. 
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A) Gated on neutrophils B) Gated on monocytes 
o C Conl,oi o C Control 
Incuballon 10 mln 37 C 
Incubation 10 min 37 C 
ru ft· 
Figllre 3.18.1 Typicaljluorescence histograms o/ the Phagocytosis Test 
3.18.2 Respiratory bllrst 
A modified, optimi sed protocol of the Bursttes t (Phagoburst) test kit (Orpegen 
Pharma) was used to determine oxidati ve burst in heparini sed whole blood. The kit 
contained unlabelled opsonised E. coli bacteria as palticulate stimulus ( 109 bacteria 
per ml) and dihydrorhodamine- 123 (DHR) for the flu orogenic substrate. One hundred 
micro litres of heparinised whole blood was pipened into each tube and the 
temperature equilibrated for 10 min in iced water. Ten microlitres of bacteria was 
added to the assay tube, 10 III of washing olution to another paired tube to act as a 
negati ve control. All tubes were vortexed and incubated for 10 min at 37°C in a 
thermostatically controll ed water bath (Haake F3). After incubation 10 III of DHR 
was added to each tube, vortexed and returned to the water bath for a further 10 min. 
Dihydrorhodamine- 123 was converted to rhodamine- l23 by reaction with oxidant 
products released by the phagocyti c cells. Two milli litres of lysing buffer was added 
to each tube, vortexed and left at room temperature for 20 min . Cells were spun down 
( 1400rpm, 4°C, Rotina 46R; Hetti ch) and the supernatant discarded. All tubes were 
washed by the addition of 3 ml of cold washing buffer, vortexed and re-spun 
(1400rpm, 4°C). The supernatant was again decanted. DNA staining solution ( 100 Ill) 
and 0.5 ml of wash buffer was added to each tube, which was then vortexed and 
incubated for 10 min , in ice, in the dark . The samples were read on the XL fl ow 
cytometer (Coulter) within 30 min due to the decomposition of flu orescence signal 
(Appendix 8). Data for re lati ve burst, percentage burst of each cell type and the 
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percentage of the relati ve cell groups were recorded. Figure 3. 18.2 represents typica l 
hi stograms gated on both monocytes and neutrophils. 
A) Gated on neuu'ophils 
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Figure 3.18.2 Typicaljluvrescence histograms vf the RespiratOly Burst Test 
3.19 Statistics 
Data presented in Chapters 4, 5 and 6 were analysed using a purpose-written SAS 
programme (Data Sciences, Uni lever R&D Col worth). This allowed a repeated 
measures mixed model to be fitted to the data in order to find out which factors were 
important in explaining vari ation in the markers. The model examined whether any 
changes were affected by supp lementation or exercise intervention, between groups 
and within a group over time. 
The programme a llowed the selection and inclusion of covari ate parameters. For some 
measures, there were a number of miss ing data for the pre-supplementation condition. 
There fore, the pre-supplementation observation was included in the analysis model as 
a covariate as it is possib le that the condition before the study may have played a role 
in predicting the condition during the tri al. Including thi s step in the data analys is, 
adjusted for the covariate at each time point, made the model more robust to 
differences between the groups. Using thi s approach, the assumption of normality of 
the data was required. In order to justi fy thi s assumption it was necessary to analyse 
the log of some of the measured values, rather than the raw values. The model was 
programmed to automaticall y calculate the correct data transformation if normality 
tests showed that the data were not normall y di stributed . Normali ty was rejected if 
142 
p<O.05 (tests for normality; Shapiro-Wilk , Kolmogorov-Smirnov, Cramer-von Mises 
and Anderson-Darling). 
Data in Chapter 7 were analysed using a repea ted measures mixed model of analys is 
of the pos t-exerci e values, with the pre-exercise values included as a covari ate. If 
there was a pre-exercise difference in means between groups, these were adjusted to a 
common pre-exercise va lue i.e. the mean over all the groups. Pre-supplement values 
were incl uded as a covariate where necessary, allowing different regress ion 
coefficients at each time point. 
Significance between treatment groups or effect over ti me was accepted at the 5% 
level. Values are expressed as the mean ± standard error of the mean (SEM) 
throughout, unless otherwise expressed. 
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CHAPTER 4 
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Influence of downhill running and vitamin C 
supplementation on immune and muscle damage markers 
4.1 Introduction 
Phys ica l exerCise, depending upon the intensity and duration, generates both 
beneficial and damaging effects on human health. The generation of reactive oxygen 
(ROS) and nitrogen species (RNS) is essentia l for normal metabolic function and for 
the initiation of adapti ve responses of the antioxidant and oxidati ve damage repair 
systems (Sen & Packer, 1996; Radak & Sataro, 2000). However, strenuous, long 
duration exercise increases ox idati ve metaboli sm and causes an imbalance in 
endogenous antiox idant capacity and results in oxidati ve stress (Konig et al., 200 1; 
Radak et aI., 200 1). This may manifest itself as increased inflammation, muscle 
damage and shifts in metabolic profiles (Tidball , 2005). A number of studies have 
reported increased markers of free-radical damage following several forms of activity 
(Maughan et al., 1989b; Maclntyre et al., 1996; A hton er al., 1998; Child et aI., 
1998b; McBride er al., 1998). Free-rad ical production may be increased during 
exercise with a high metabolic cost (Kanter et aI., 1993; Ashton et al., 1998), or after 
the cessation of exercise during post-exercise inflammation (Weiss, 1989; Mac ln tyre 
et al., 1996; Tiidus & Bombardier, 1999). 
Downhill running in volves eccentric contractions in skeletal muscle and results in 
muscle damage due to controlled lengthening of the muscles under tension (Eston et 
al., 1995; Smith et al., 1998). Such actions provide the decelerating movement 
required in acti vities such as lowering weights, descending stairs and downhill 
running (Rowlands et al., 200 1). During downhi ll running the eccentric work of the 
knee extensors, muscles of the anterior and pos terior tibial compartments and hip 
ex tensors is accentuated, as compared to level running (Eston et al., 1995). These 
eccentric muscle contractions, in assoc iation with increased shock, lead to elevated 
levels of muscle damage (Bymes et al., 1985; Ebbeling & Clarkson, 1989). It is well 
established that unaccustomed, eccentricall y biased exercise results in muscle damage 
and delayed onset muscle soreness, which peaks 24 to 48 hours post-exercise 
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(Armstrong, 1984; Ebbeling & Clarkson, 1989; Stauber, 1989; Clarkson & Sayers, 
1999). 
The presence of the myofibrillar proteins myoglobin and creatine kinase in blood after 
exercise, is accepted as an indicator that muscle ti ssue has been damaged (Newham et 
ai., 1983a; Sorichter et ai. , 1997c; Clarkson & Sayers, 1999). Exercise that results in 
muscle damage can invoke a signifi cant local inflammatory response (S mith , 199 1), 
in addition to the systemic response. This results in leukocyte infiltration into the 
exercise-damaged tissue (Fie lding et al., 1993) and increased local production of 
inflammatory mediators such as cytokines. The inflammatory response to muscle 
damage could paJtly account for the muscle soreness often experienced followin g 
exercise (Smith , 199 1; Clarkson et al., 1992). It has been proposed that inflammatory 
and muscle stress are closely related (Sori chter et aI., 1995; MaIm et al., 1999), and , 
that oxidative stress and antiox idants play a pi vota l role in thi s association (Cannon et 
al., 1990). This suggests that supplementation with dietary antiox idants may provide a 
suitab le route by which to reduce the formation of reacti ve species and thus, dampen 
the associated detrimental phys iological responses. 
To date there are very few studies that have focused comprehensively on both muscle 
damage and the immune system as a result of downhill running (MaIm et al., 2004b). 
Whils t changes in circul ating blood cell s, both numbers and function, are not directl y 
representati ve of the changes occun'ing within damaged muscle they are important 
indicators of the systemic response to a metabolic stressor. The Iymphocyte 
population can be di vided into T, Band NK cells. T-Iymphocytes are invo lved in 
adapti ve immunity however; they may become acti vated during exercise (Gabriel & 
Kindermann , 1997) or depressed (MaIm et al., 2000a). T-Iymphocytes can be further 
sub-di vided into C04 and C08 cell s. The ratio of C04 to C08 cells is one measure to 
assess population changes occurring within the T-Iymphocytes. Natural killer cell s 
form part of the i.nnate immune system and as such are vi tal for the primary immune 
response, a decrease in NK cell numbers fo llowing eccentri c exercise may result in 
temporary immunosuppress ion as there are transientl y less cells available to process 
viral antigens. The inc lusion of this measure in the described study wi ll provide 
information on the effect of thi s specific downhill running protocol on NK cell 
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populations, although will not provide a functional measure, which was beyond the 
scope of this investigation. 
Fluctuations in cell numbers may be suggestive of changing populations, perhaps with 
the recruitment of more nafve cells into the population, which may result in an altered 
functional capability. Changes to the equilibrium may affect immune processing and 
capacity. For cells to migrate efficiently to damaged tissue it requires the activation of 
both the endothelium and the peripheral blood cells. The three main peripheral blood 
cell types; lymphocytes, monocytes and neutrophiIs all express cell adhesion 
molecules that may respond to eccentric exercise by modulation of the expression 
density by differing degrees. Changes in cell-surface molecules such as CDllb, CD18 
and CD54 may provide an indication as to which cell types are involved within 
migration and adhesion. AdditionaIly, chronically elevated levels of expression of 
these types of molecule are associated with disease states such as athersclerosis and 
diabetes and have been demonstrated to be down-regulated with antioxidant 
intervention (SiIvestro et al., 2002). Taking downhill running as a model of oxidative 
stress, the effect of antioxidant intervention may result in the modulation of these 
molecules to a less activated state, although whether this is beneficial acutely is of 
debate. An alteration in receptor expression may result in altered cell responsiveness 
to a stimulus. CD 14 is a cell surface receptor for lipopolysaccharide present on 
monocytes. Modulation of this receptor potentially could be suggestive of altered 
ability to respond to bacterial presence. 
A change in functional capacity can be measured by monocyte and neutrophil 
phagocytosis and respiratory burst. These measures are a functional measure of the 
ability of the cells to respond to a stimulus from either damaged or foreign ceIls and 
considered to be indicators of the ability of the immune system to respond to and deal 
with a challenge. However, the paradox is that an increase in the oxidative burst as a 
consequence of exercise may result in an elevation in free radicals and thus resulting 
in the propagation of further damage during a period of stress and damage. 
NeutrophiIs and macrophages both impair and facilitate tissue repair and regeneration 
(Tiball, 2005). As eccentric exercise is documented to be the most damaging form of 
exercise to muscle it is important to establish if this is replicated in the immune 
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response in order to further investigate the link between the immune system and 
muscle damage. For many immune changes that have been investigated in response to 
exercise there are conflicting data. In addition to assessing the effect of antioxidants 
on these responses, a primary objective of this presented study is to assess the effect 
of this specified downhill running protocol on immune changes and inflammatory 
markers in the post -exercise period. 
Vitamin C acts as the first defence against free radicals in whole blood (Niki et aI., 
1988) and plasma (Frei et aI., 1989). It also contributes to the regeneration of oxidised 
vitamin E. Since vitamin C is a water-soluble antioxidant, bioavailability will not pose 
the same cellular partitioning issues that are associated with the lipophilic 
antioxidants, such as vitamin E, therefore shorter duration intervention periods are 
acceptable. Earlier investigations with vitamin C supplementation have been shown 
to reduce markers of inflammation and lipid peroxidation following exercise (Alessio 
et al., 1997; Ashton et al., 1999; Nieman et al., 2000a; Peters et al., 2001a; Thompson 
et al., 2001b) and have protective effects in terms of improved muscle recovery 
(Kaminski & Boal, 1992; Jakeman & Maxwell, 1993; Maxwell et aI., 1993; Johnston 
et al., 1999). None of these studies measured a complete range of both muscle 
damage and immune markers. Vitamin C was selected as the antioxidant of choice for 
supplementation in this study as it has been well characterised, has low toxicity and is 
water-soluble (Levine et al., 1999). To date there have not been in depth 
investigations into the effects of vitamin C on adhesion molecules, functional 
measures and cell subset changes. The addition of these measurements aims to 
provide a wider encompassing window of immunological events in response to 
predominantly eccentric exercise. 
The aims of the present study were to investigate the effects of downhill running on 
markers of inflammation, immunity and muscle damage and to determine whether 
perturbations of these markers could be modulated by vitamin C supplementation for 
seven days prior to exercise. 
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4.2 Materials & Methods 
4.2.1 Subject characteristics 
Fourteen physically active males took part in this study. All were healthy non-
smokers that did not take nutritional supplements. Subjects were randomly assigned, 
in a double-blind manner to either placebo or vitamin supplementation groups. 
Groups were matched for physical characteristics and activity levels (Table 4.2.1) 
Table 4.2.1: Physical characteristics of the supplementation groups (mean ± SD) 
Placebo (n=7) Vitamin C (n=7) 
Age (years) 23.4 ± 2.4 23.1 ± 0.9 
Height (m) 1.78 ± 0.07 1.79 ± 0.09 
Body mass (kg) 
V02max (ml.kg.min· l ) 
Weekly exercise sessions 
Daily vitamin C intake (mg) 
4.2.2 Supplementation 
76.6±7.9 
59.8 ±4.8 
5±2 
161 ± 32 
78.1 ± 9.2 
63.0±5.7 
5±2 
145 ±25 
Subjects were divided into two matched groups and randomly assigned, in a double 
blind manner, to 800 mg.d· l of either vitamin C (ascorbic acid) or placebo (lactose) 
(Nova Laboratories, Leicester) supplementation. Supplements were taken in capsule 
form, twice daily (2 x 400 mg) starting seven days prior to the main exercise trial and 
for two days after completion of the exercise test. Subjects were required to weigh 
and record all food and fluid intake on two occasions. Prior to supplementation a 3-
day habitual diet was recorded, and during the main trial another 3-day dietary diary 
was recorded. Subjects were required to control their dietary vitamin C intake. The 
controlled diet (Appendix 2) required subjects to consume a number of foods that 
were estimated to provide a known quantity of vitamin C (-lOO mg per day). Other 
food intake was not restricted. 
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4.2.3 Exercise experimental design 
On the seventh day individuals completed a 60-minute run on a level motorised 
treadmill (Technogym, Italy) (Figure 4.2.3). The treadmill had a reversed motor to 
enable downhill running at an incline of -10%. Subjects exercised at a speed that 
elicited 70% VOZmax during level running. Subjects had refrained from strenuous 
exercise for 48h prior to the test and arrived in the testing laboratory following an 
overnight fast (lO-12h). Blood samples (SmI) were taken from the forearm vein prior 
to supplementation and then immediately prior to exercise testing and then again at 1, 
24 and 48h post-exercise. Muscle function measurements were taken prior to exercise 
and then 24 and 48h post-exercise using an isokinetic dynamometer. Nude body mass 
was determined before and immediately following exercise. Subjects ingested water 
ad libitum throughout the run. Heart rate and ratings of perceived exertion were 
monitored at regular intervals during exercise. 
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Figure 4.2.3 Schematic representation of the experimental design and sampling regime 
151 
48 
4.2.4 Antibody staining 
The following antibodies used in this study were mouse-anti-human antibodies, 
directly conjugated to fluorescein (FITC), phycoerythrin (PE), or phycoerythrin-
CyChrome (PE-CY5) fluorescent markers; 
• Anti-CD45*FITC/CD14*PE (Immunotech, clones Immu19.2 and RM052, lOlll 
per test) to distinguish lymphocytes as CD45+CD14-, and monocytes as CD14+. 
• Anti-CD3*FITC/CD16+56*PE (Immunotech dual colour, clones UCHTl and 
J4.1l9, lOlll per test), anti-CD19*Cy-chrome (Pharmingen clone HIB19, lOlll per 
test) to distinguish T lymphocytes as CD3+CD16-, B cells as CD19+CD16/CD56-, 
NK cells as CD3-CD16/CD56+. 
• Anti-CD8*FITC (Dako, clone DK25, lO1l1 per test) and CD4*Cy-chrome 
(Pharmingen, clone RPA-T4, lO1l1 per test) to identify CD4+ (helper T 
lymphocytes) and CD8+ for suppressor T cells. 
• Anti-CD18*FITC, (Pharmingen, clone 6.7, lOlll per test), anti-CDllb*PE 
(Pharmingen, clone ICRF44, lOlll per test), anti-CD54*Cy-chrome (Pharmingen, 
clone HA58, IOIlI per test), to identify cell surface adhesion molecule expression. 
The staining protocol was followed as described in Chapter 3. Cell types analysed 
were lymphocytes, monocytes and neutrophils. 
4.2.5 Flow cytometric analysis 
All flow cytometric analysis was carried out using a Coulter XL cytometer. All data 
was analysed using XL2 software. The instrument was set up and daily aligned using 
FlowCheck (Coulter). Leukocyte subsets were counted and Listmode data were saved. 
Cells were gated on log side-scatter and log forward scatter properties. The percent 
positive results or absolute marker expression (median fluorescence intensity) were 
analysed (Chapter 3). 
4.2.6 Leukocyte analysis 
Cell counts and functional assays were performed as described in Chapter 3. 
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4.2.7 Blood analysis 
Interleukin 6 analysis was performed using a high sensitivity ELISA as described in 
Chapter 3. Serum uric acid and cortisol were measured as described in Chapter 3. 
4.2.8 Muscle function, soreness & damage markers 
Maximal voluntary contractions were measured prior to and post -exercise as 
presented in Chapter 3. Prior to exercise and for the following two days subjects 
highlighted a diagram of the body's musculature to indicate the regions in which they 
experienced soreness. Additionally, passive soreness was assessed using a 10 point 
scale, which ranged from 1 = 'not sore' to 10 = 'very, very, sore '. Serum markers of 
muscle damage measured were myoglobin and creatine kinase. 
4.2.9 Statistical analysis 
The statistical analysis methods are described in Chapter 3. The pre-supplementation 
observation was included in the analysis model as a covariate. Significance between 
treatment groups or effect over time was accepted at the 5% level. Values are 
expressed as the mean ± standard error of the mean (SEM) throughout, unless 
otherwise expressed. 
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4.3 Results 
4.3.1 Physiological response to exercise 
The mean heart rate during exercise was 140 ± 4 beats.min'! for the vitamin C group 
(Vc); 137 ± 3 beats.min'! for the placebo group (PI) and increased during exercise 
(p<0.05). Mean V02 during the downhill running was not different between the two 
groups and increased at 60 min from 15 and 30 min (p<0.05), Estimated changes in 
plasma volume did not differ throughout the main trial in either group (falling by 0.56 
± 4.8 % in the Vc group and 1.0 ± 2.6 % in the PI group). Body mass in the Vc group 
fell by a group average of PI; -0.58 ± 0.14 %, Vc; -0.72 ± 0.1 % post-exercise. 
4.3.2 Dietary vitamin C intake 
There was no difference between macronutritionaI components of the daily diet 
between groups under either habitual (normal) or supplemented condition (Table 
4.3.2). Dietary vitamin C was not different between the groups under either habitual 
or supplemented conditions. The increase in vitamin C of the supplemented group can 
be accounted for solely by the administration of vitamin C tablets for the intervention 
period (Figure 4.3.3). 
Table 4.3.2: Daily dietary composition under habitual and supplemented 
(controlled) conditions for placebo (PI) and vitamin C (Vc) 
supplemented groups (mean ± SEM). 
Group Energy intake Carbohydrate Fat Protein Vitamin C VitaminE 
(MJ) (%) (%) (%) (mg) (mg) 
Habitual PI 12.6 ± l.l 56±2 27 ±2 17 ±2 161 ±32 9±2 
diet Vc 11.6 ± 1.3 53 ±2 28 ±3 19 ±2 145 ±9 6±1 
Controlled PI 13.6 ± I.3 53 ± I 33 ±2 14±2 155 ± 24 11 ±2 
diet Vc 12.1 ± 1.2 55 ±4 29 ±4 16±2 940 ± 12 9±3 
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4.3.3 Vitamin C plasma profile 
There was a significant increa e In vitamin C plasma concentration as a result of 
supplementation in the Vc group only (p<0.05), (Figure 4.3 .3). The concentration of 
plasma vitamin C peaked in both groups at I h post-exercise. Vi tamin C 
concentrations were elevated (p<0.05) pre-exercise and I h pos t-exercise in the Vc 
group as compared to the PI. 
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Figure 4.3.3: Plasma vitamin C concentration pre-treatment (PT) and fo llowing 
vitamin C supplementation (m.ean ± SEM). + different between groups 
(p <0. 05). * Vc diffe rent ji"Oll1. pre-treatment (p<0.05). # PI different 
from pre-treatlllent (p<O.05). 
4.3.4 MlIscle damage proteills 
There was an increase in serum myoglobin concentration I h pos t-exercise in both 
groups as presented in Figure 4.3.4a. There was an effect of vitamin C intervention ; 
the peak concentration of myoglobin was lower (p<0.05) in the Vc supplemented 
group (10. 12 ± 1.5 1 nmol.r l) as compared to the PI group ( 15.11 ± 1.99 nmol.r l) Ih 
post-exercise. Crealine kinase concentrations peaked at 24h post-exercise in both 
groups (p<0.05) (Figure 4.3.4b). There was a supplementation intervention effect at 
24h post-exercise (p<0.05). The max imal concentration was lower in the Vc group 
(693 ± 65 UTI) as compared to the PI group ( 1440 ± 3 17 u .rl ). 
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following downhill running for placebo and vitarnin C supplementation 
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4.3.5 Maximal voluntary contractiolls 
There was an effect of exercise intervent ion as muscle function was impaired; the 
max imal voluntary contractions (MYC) of the leg fl exors were reduced (p<0.05) from 
baseline at 24h (PI ; - 9.2 ± 3.1 %, Ye; -6.6 ± 3.8%) and 48h (PI ; - 11.3 ± 2.7%, Yc; -
6.6 ± 3.0%). The leg ex tensors were reduced (p<0.05) at 48h in both groups (PI ; - 11 .5 
± 4.6%, Vc; -4.3 ± 2.5%). There was no significant effect of supplementation 
observed on MYC of the leg flexors or ex tensor following exercise, although the Ye 
group trended towards a smaller loss in MYC than the PI group. 
4.3.6 Muscle sorelless 
There was no significant supplementation effect on the perception of muscle soreness 
before and following exercise. Pass ive soreness was increased (p<0.05) in both 
groups from pre-exercise ra tings ( I ± 0) peaking at 36h post-exercise (6 ± I) (Figure 
4.3.6a). Acti ve ratings of percei ved soreness, assessed whilst descending steps, were 
also increased (p<0.05) in both groups from pre-exercise values (I ± 0) peaking at 
48h post-exercise (5.5 ± 0.5). The location of soreness of the muscles was most 
frequently reported in the ilamstrings, quadriceps and triceps surea muscle groups 
(Figure 4.3.6b). The Vc group trended towards less muscle soreness than the PI group 
although thi s was not significant at p<0.05. 
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4.3.7 Jl/terleukil/ -6 
Figure 4.3.7 shows the interleukin-6 (IL-6) response to downhi ll running exercise. 
Lnterl eukin-6 increased approx imately 2 to 3-fold in both groups, peaking at I h (PI ; 
3.05 ± l.1 5 pg.mr l, Vc; 2. 10 ± 0.93 pg.mr l), (p<0.05). Values returned to baseline 
24h post-exercise. There was no significance of treaunent between the two groups 
although the Vc group trended towards a lower IL-6 response than the PI group. 
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Figure 4.3.7: Serulll interleukin -6 concentrations following downhill running for tile 
placebo and vitalllin C supplemented groups (mean :r SEM). * both 
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4.3.8 Absolute leukocyte COlll/ts 
Total leukocyte counts significan tly increased (p<0.05) Ih post-exercise 111 both 
treatl1lent groups(PI ; S.4x 109±0.6x 109, Vc; 5.3 x 109±0.9x 109cells. r l) as shown 
in Figure 4.3 .8. There was no e ffect of supplementation between the groups. 
Changes for Iymphocytes, 11l0nocytes and ne utrophils are presented in Tab le 4.3 .8. 
Neutrophil absolute counts significantl y increased I h post-exercise in both group (PI ; 
3.4 x 109 ± 0.5 x 109, Vc; 3.2 x 109 ± 0.6 x 109 cell s. r l, p<O.OS). Neutrophi l counts 
returned to baseline 24h post-exercise. There was no effect of upple l1lentalion 
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between the groups for Iymphocytes and neutrophi ls. Monocyte counts in the Vc 
group were higher than for the PI group (p<0.05) I h post-exercise. 
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Figure 4.3.8: Total leukocyte counts follow ing downhill running fo r placebo and 
vitamin C supplemented groups (mean. :f SEM). * both groups 
diffe ren t Fain /Jre-exerci se (p <0. 05). 
4.3.9 Relative cell changes as a proportion of totalleukocytes 
Changes in the relati ve proportions of Iymphocytes , monocytes and neutrophi ls are 
presented in Table 4 .3.9a. There was a significant decrease in monocytes 24h post-
exercise in the Vc group and a significant decrease (p<0.05) in the relati ve 
proportions of Iymphocytes I h post-exercise in both groups (PI; 25.5 ± 1.8 %, Vc; 
30.7 ± 6.1 ). There was a significant increa e in neutrophil re lati ve percentage at Ih 
post-exercise (p<0.05) in both treatment groups (PI ; 63.7 ± 2. 1 %, Vc; 60.8 ± 4.6 %). 
The proportions of both Iymphocytes and neutrophils returned to baseline 24h post-
exercise. 
There was no change in the percentage of B cells as a result of either downhi ll 
running or vitamin C supplementation, (Table 1.3.9b). In the Vc group there was a 
significant reduction in the percentage of natural killer cell s, as a percentage of total 
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Iymphocytes. This was not observed in the PI group, even although there was a 
significant decrease in the percentage of Iymphocytes at thi s time point. There was a 
difference between the two treatmen t groups at I h post-exercise for the natural killer 
cells, the Vc percentage (S.4 ± 0. 1 %) bei ng significantly lower than the PI group ( II.S 
± 0.2 %). 
Table 4_3_9b: Percentage B cells and Natural killer cells (NK), as a percentage of 
the IOtal Iymphocyte population follow ing downhill running for 
placebo (PI) and for the vitamin C (Vc) supplemented group (mean :t 
SEM). * different ji-om !He-exercise value (p <0. 05). # different 
between groups at specific time-point. 
Cell type Group PT Pre-exercise 1h 24h 48h 
B PI 3.5 ± 0.6 2.70.6 2.3 ± 0.3 2.8 ± 0.6 3.0 ± 0.3 
Vc 4.0 ± 0.4 4.1 ±0.6 2.2 ± 0.6 3.7 ± 0.7 4.4 ± 0.6 
NK PI 16.8 ± 0.3 14.8 ± 0.3 11.5 ± 0.2 # 15.6 ± 0.4 16.8 ± 0.4 
Vc 17.5±0.2 11.6±0.1 5.4 ± 0.1 ' # 11.9±0.1 11.5 ± 0.2 
4.3.10 Uric acid & cortisol 
Uric acid concentration increased in both groups I h and 24h post-exercise, relative to 
pre-exercise values (p<O .OS), (Table 4.3.10). Peak concentration for both groups 
occurred at 24h post-exercise. Although not stati stical ly significant, concentrations of 
uri c acid in the Vc group u·ended to be higher than those of the placebo group. 
Corti so l levels reduced significantly (p<O.OS) I h post-exercise fo r both groups, (Tab le 
4.3 .1 0). 
Table 4.3.10: Se rum levels of uric acid and cortisolfollowing downhill running for 
placebo andfor the vitamin C supplemented group (//lean:t SEM). 
* different jimfl !He-exercise value (p<0.05). 
Cell type G roup PT Prc-cxercise 1h 24h 48h 
Uric acid PI 333 ± 18 353 ± 20' 355 ± 21 ' 349 ± 22 
(~mol.r l) Vc 3 16 ± 26 367 ± 28' 390 ± 28 ' 338 ± 28 
Cortisol PI 52 1 ± 57 467 ± 55 341 ± 14' 508 ± 59 452 ±41 
(nmol. r l) Vc 460 ± 52 50 1 ± 73 33 1 ± 52' 54 1 ±41 429 ± 49 
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Table 4.3.8: Change in leukocyte cell-subpopulation absolute cell numbers (x l Ov. r ') fo llowing downhill running fo r placebo and vitamin C 
supplementation (means ± SEM). * different fro m/He-exercise (p <O.05). 
Cell type G roup PT Prc·cxcl"'cisc Ih 24h 48h 
Lymphocyte PI 1.25 ± 0. 13 1.14 ±0. 19 1.15 ±0. 12 1. 20 ± 0.11 0.S2 ±O. IS 
VC 1.52 ± 0.17 1.35 ± 0.13 1.43 ± 0. 12 1. 07 ± 0.17 1.1 9 ± 0.39 
Monocyte PI 0.28 ± 0.22 0.26 ± 0. 12 0.47 ± 0.04 * 0.30 ± 0. 10 0.28 ± 0. 13 
Vc 0.19±0. 12 0.27 ± 0.17 0.63 ± 0.38 *# 0.60 ± 0.2 1 • 0.20 ± 0.06 
Neutrophil PI 1.56 ± 0.26 1.45 ± 0.22 3.44 ± 0.53 * 1.4 1 ± 0.29 1.63 ± 0.36 
Vc 1.1 0 ± 0.85 1.98 ± 0.39 3.23 ± 0.59 * 1.1 6 ± 0.84 1.25 ± 0.29 
Table 4.3.9a : Change in leukocyte cell-subpopularions relaTi ve percenrage (as percenTage of Toral leukocyTes) f ollowing downhill running f or 
placebo and viTamin C supplemenTation (means ± SEM). * different j i"Oll! /He-exercise (p<O.05). # diff erent between groups at a 
specific Time POin.T. 
Cell type G roup PT J>re-exercise Ih 24h 48h 
Lymphocyte PI 4S. 1 ±3. 1 37.9 ± 5.6 25.5 ± 1.8 * 36.0 ± 3.S 36. 1 ± 6.0 
VC 39.S± 4. 1 37.4 ± 5.4 30.7 ± 6. 1 * 36.8 ± 6.6 40.2 ± 3.5 
Monocyte PI 8.9 ± 1.0 8.0 ±3. 1 7.1±0.4 9.4 ± 1.9 4.4 ± 3.3 
Vc 7.1 ±5.0 6.5 ± 2.9 11.7 ± 5.0 3.0 ± 1.5 * 6.S ± 1.4 
eutrophil PI 45.5 ± 3.6 46.3 ± 4.9 63.7 ±2.1 * 5 1.9 ± 3.0 47 .8 ± 4.3 
Vc 35.5 ± 3.2 47 .7 ± 4.9 60.S ±4.6 * 52.S ± 6.7 42.8 ± 3.0 
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4.3.11 Monocyte eDl4 expression 
There was 110 significant effect of downhi ll running on monocyte CDI4+ express ion, 
(Figure 4.3. 11 ). There was a difference (p<0.05) in express ion between the two 
groups Ih post-exercise, with expression being higher in the Vc group (PI; 41.9 ± 2.3; 
Vc; 66.0 ± 14.5 median fluorescence intensity) 
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Table 4.3.12: Change in phagocytosis and respiratOlY burst (percentage IOta/ cell population activity al/d relative activity per cell) pre-
treatment (PT) and following dowllhilL rUllningfor placebo al/d vitamin C supplementation (mealls ± SEM). * different ji-om pre-
exercise (p<O.05). # different between groups £It a ~pecif1c time point 
Cell type Functional measure Group PT Pre-exercise lh 24h 48h 
Monocyte % phagocytosis PI 68.4 ± 3.3 66.3 ± 3.9 77.3 ± 5.0 72.1 ± 4.4 63.5 ± 2. 1 
Vc 58.3 ±4.2 70.5 ± 3.0 76.7 ± 5.7 60.6 ± 3.0' 72.9 ± 2.7 
re lat ive phagocytosis PI 29.7 ± 7.7 26.2 ± 4.8 14.4 ± 4.2' 19.2 ± 5.7 22.4 ± 7.2 
Vc 28.4 ± 1.7 3 1.4 ± 4.3 9.5 ± 1.7' 19.8 ± 3.9 15.8 ±4.6 · 
% oxidative burst PI 80. 1 ±2.1 77.8 ± 2.8 84.1 ± 4.9 77.5 ± 2.0 74.4 ± 4.6 
Vc 77.5 ± 5.0 75.5 ± 4.8 74.6 ± 5.1 83.0 ± 5.9 80.1 ±4.4 
relati ve oxidati ve burst PI 19. 1 ± 4.3 16.4 ± 2.2 17.3 ± 1.5# 19.0 ± 1.0 16.3 ±0.7 
Vc 20.8 ± 5. 1 12.7 ± 2.7 9.7 ±2.6 * 16.9± 1.8 19.7 ± 2. 1 
Neutrophil % phagocytosis PI 87.5 ± 2.8 85 .7 ± 3.2 90.9 ±4.5 85 .6 ± 2.4 87.7 ± 3.0 
Vc 80.3 ± 7.8 86.2 ±2.2 85.2 ± 5.9 82.5 ± 2. 1 83.8 ± 3.3 
relati ve phagocytosis PI 69 .5 ± 8.7 74.8 ± 8. 1 55.9± 2.7 70.8± 6.8 83.6 ± 5.7 # 
Vc 62. 1 ± 15.6 67.2 ±9.1 56.2 ± 6.9 • 73.4 ±6.5 59 .3 ± 7.2 
% ox idati ve burst PI 97.8 ± 0.4 97.0 ± 0.8 98.3 ± 1.2 # 98.0 ± 0.5 # 95.6 ± 1.5 
Vc 97.4 ± 0.6 93 .0 ± 3.4 87.5 ± 5.9 94.7 ± 3.8 97.3 ± 2. 1 
relative oxidati ve burst PI 67. 1± 6.4 72.9 ± 8.4 56.6 ± 7.8' 65 .3± 10.1 60.7 ± 10.7 # 
Vc 96.4 ± 9.6 53.4 ± 12.4 42.3 ± 17.4 75.5 ± 5.8 75 .5 ± 5.6 
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4.3.12 Phagocytosis & respiratory burst 
Table 4.3.12 presents the e ffects of downhill running and vitamin C supplementation 
on monocyte and neutrophil phagocytos is and respiratory burst. There was a decrease 
(p<0.05) in monocyte relati ve phagocytosis Ih post-exercise in both the PI ( 14.4 ± 
4.2) and Vc (9.5 ± 1.7) groups. There was also a reducti on (p<0.05) in monocyte 
relati ve ox idati ve burst I h pos t-exerci se in the Vc group (9.7 ± 2.6) but not in the PI 
group as compared to the pre-exercise baseli ne. The relati ve burst was significantl y 
lower in the Vc group than the PI at I h post-exercise. There was no change in either 
the percentage of monocytes undergoi ng phagocytos is or respiratory burst in either 
group. There was no effect of supplementation between the groups for any of the 
monocyte functional measures. 
There was a decrease in neuu·ophil rela ti ve phagocytos is I h post-exerc ise in the Vc 
group (p<0.05) (56.6 ± 7.8). The corresponding decrease in the PI group was not 
significant (p=0.2 1). There was a significant reducti on (p<0.05) at both I hand 24h 
post-exercise for the percentage of neutrophil s undergoing ox idative burst in the Vc 
(87 .5 ± 5.9 %, 94.7 ± 3.8 %) group as compared to the PI group (98.3 ± 1.2 %, 98.0 ± 
0.5 %). There was a reducti on (p<0.05) in neutrophil relati ve phagocytosis at 48h 
post-exercise in the Vc (59.3 ± 7.2) group compared to the PI (83.6 ± 5.7). 
4.3.13 Cell-surface adhesion molecule expressioll 
Tab le 4.3 .13a presents the cell-surface adhesion molecule expressIOn for 
Iymphocytes, monocytes and neutrophils. There was an increase (p<0.05) of 
Iymphocyte CO 18 express ion I h post-exercise (37.5 ± 2.5) in the Vc supplemented 
group from the pre-exercise value. Monocyte CD 18 expression was increased 
(p<0.05) in the Vc group Ih and 24h post-exerc ise. There was a signifi cant increase 
(p<0.05) in monocyte CO l 8 expression in the Vc group, as compared to the PI group . 
There was no significan t effect of exercise or supplementati on for the ratio of 
CD 18: lIb (Table 4 .3. 13b). However, 24h post-exercise there was a trend towards a 
decrease in the ratio for the PI group in both the Iymphocyte (2.7 ± 0.3) and neutrophi l 
(0.9 ± 0.4) populations. There was a trend towards a decrease in the ratio at 24h post-
exercise in the Vc group for the Iymphocytes (3.7 ± 0.5). 
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Table 4.3.13a: 
Adhesion Cell 
marker Iype 
CO ll b Lym 
Mono 
Neu( 
C0 18 Lym 
Mono 
Neut 
C054 Mono 
Cell-slllface adhesion lIlolecule expression (median 
f luorescence irHeHsity) pre-treatment (PT) and following 
downhill running f or placebo and vitam.ill C supplementation 
(m.eans ± SEM). * different Fom pre-exercise (p<O.05). # 
diffe rent between groups at a specific time point. 
Group 
PI 
Vc 
PI 
Vc 
PI 
Vc 
PI 
Vc 
PI 
Vc 
PI 
Vc 
PI 
Vc 
PT 
9.6.0.6 
13. 1 . 1.6 
42.3. 13.3 
41.7 .7.3 
56.5.7.9 
54.6. 12. 1 
35.6 ± 2.6 
38.0 ±5.6 
98.6 ±22.2 
Pre-
exercise 
8.9.0.8 
9.6. 1. 1 
26.0. 1.4 
28.5. 16.3 
43.6.2.8 
31.9. 12.4 
38. 1. 1.8 
33.2.3.3 
79.3 .4.5 
Ih 
9.3.0.6 
9.6.1.8 
29.8.2.2 
54.2. 19.5 
36.6. 4.03 
51.2. 10.4 
32.5.3.0 
37.5.2.5 * 
82.8.7.4# 
2411 
10.5.4.9 
11.1 .0.6 
29.9.2. 1 
39.2. 4.8 
43.6.7.4 
54.1 ± 7.8 
36.0.3.3 
36.8 ± 3.0 
85. 1. 11.1# 
I 16.6. 12.2 99.2.24.0 155.8.23.5*# 111.85.9.3# 
85.6.9.7 
93.0 1.3.3 
12.9.2. 1 
13.9. 1.7 
71.8. 4.0 
79.8. 15. 1 
10.8. 1. 1 
13.2. 1.6 
66.2.6.2 
89.8. 10.6 
10.8.0.5 
14.8. 1.1 
7 1.9.6.6 
88. 1.8.9 
11.5.0.9 
I 1.8 ± 0.6 
48h 
8.2.0.9 
12.0.0.3 
28. 1 ± 1.5 
55. 1 ± 11.1 
44.5 ±6.8 
55. 1 • I 1.1 
33.6.4.2 
32.7 d.5 
82.3.8.67 
104.4. 18.6 
65.2.6.8 
82.5 • 15.4 
11.4 .0.5 
13.0.0.8 
Table 4.3.13b : CD I8:CDll b ratio (medianjluorescence iluensity) pre-treatment (PT) 
and following downhill running for placebo and vitamin C 
supplementation (means ± SEM). 
Celllype Group PT Pre- 1h 24h 48h 
exercise 
Lym PI 3.0 ± 0.3 2.6 ± 0.5 3.5 ± 0.4 2.7 ± 0.3 3.2 ± 0.8 
Vc 2.4 ± 0.2 4.2 ±0.9 5.0 ± 1.2 3.7 ± 0.5 3.6 ± 0.5 
Mono PI 2.4 ± 1.1 2.9 ± 1.3 2.7 ± 1.2 3. 1± 1.3 3. 1 ± 1.4 
Vc 2.8 ± 1.6 2.9 ± 1.3 2.7 ± 1.6 2.8 ± 1.1 2.6 ± 1.3 
Neu! PI 1.4 ± 0.6 1.5 ± 0.6 1.6 ±0.7 0.9 ± 0.4 1.8 ± 0.8 
Vc 1.6 + 0.9 1.9 + 0.8 1.8 + 1.0 1.6 + 0.6 1.5 + 0.7 
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4.3.14 CD4:CD8 ratio 
There was an increase (p<0.05) in the PI group (1.54 ± 0.08) as compared 10 pre-
exercise (Figure 4.3. 14). There was no effecI of supplementation on CD4:CD8 ratio 
wi Ih vi lami 11 C. 
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Ralio of Iympl/Ocy le CD4:CD8 expression (rnedian 
jluorescence inlensity) pre-I realm.enl (PT) and following 
vitamin C supplementation (mean ± SEM). # PI differenl ji"Olll 
pre-exercise (p<O.05). 
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4.4 Discussion 
The purpose of this investi gation was 10 assess the effect of downhill runnmg on 
muscle damage and subsequent biomarkers of immune status and, to investigate 
whether supplementation with exogenous vitamin C would modulate any of the 
observed muscle or immune responses. The main findin gs from thi s study were: 
Perturbations in immune and muscle damage markers as a result o f downhill 
running 
A post-exercise reduc tion in muscle damage markers and decreased loss of 
muscle function fo llowing vitamin C supplementation 
A signifi cant decrease in natural kille r cell number, percentage of Iymphocytes 
and a decrease in monocyte and neutrophil functional markers pos t-exercise in 
the vitamin C supplemented group 
An increase in monocyte counts, monocyte C D 14 and CD 18 express ion pos t-
exercise following supplementation with vitamin C. 
4.4.1 PLasma Vitamill C 
Foll owing supplementati on with vitamin C there was a significant increase in plasma 
vitamin C in the supplemented group (Vc) as compared to the placebo (PI ) group, this 
remained elevated at every subsequent measurement point. Basal levels were e levated 
by approximately 2011 mol.r ' by supplementation to levels of around 9011mol.r '. 
Human plasma normall y contains 30- 15011mol.r' ascorbic acid; therefore the plasma 
concentration still fell within normal ranges post-supplementation. Elevations in 
blood antiox idant status post-exercise are well documented and thought to occur to 
modulate the oxidant stress placed on the system by exercise (Gleeson er aI. , 1987; 
Alessio, 1993; Viguie et aL. , 1993). Plas ma levels of vitamin C were e levated in 
response to exercise in both groups. This suggests that vitamin C is re leased for 
utili sation from endogenous stores (including leukocytes and adrenal gland) when the 
body is placed under exercise stress. The findings of the current study are consistent 
with the literature, as several other studie have reported an increase in circulating 
levels of vitamin C following exerc ise (Gleeson er aI. , 1987; Duthie et aI. , 1990; 
Maxwell er aL. , 1993). However, the findings from the present study are in contrast 
with those findings of Camus et al. ( 1994) who observed a 40% decrease in ascorbic 
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acid concentration immediately post-exercise (35 min of downhill running at 60% 
V02"", ), which was followed by a retu rn to baseline after 20 min of recovery ti me. 
Although the current investigation did not include an immediately post-exercise 
plas ma vitamin C measurement, levels of plasma vitamin C were still e levated I h 
post -exercise. 
4.4.2 MlIscle dUlI/uge, jllnction & soreness 
The mai n finding of thi s investigation was that vitamin C supplementation lead to a 
reduction in the peak increases of the muscle damage marker proteins, myoglobin and 
creatine kinase as compared to the placebo. The presence of these myofibrill ar 
proteins in blood is accepted as an indicator that muscle ti ssue has been damaged 
(Newham et al., 1983a; Sorichter et aI. , 1997c; Clarkson & Sayers, 1999). The post-
exercise responses in thi s study were in concordance with other studies that have 
employed downhill running as an exercise test (Schwane et a I. , 1987; Maughan et aI., 
1989b; Sori chter et al., I 997a; Meydani , 1998). There was a delay in the peak 
concentrations between myoglobin and creatine kinase, which is considered to be 
atuibutable to the prolonged transit times of large muscle proteins (Volfinger et al., 
1994) and the relative half- li ves of these proteins in the c irculation (Neumeir et aI., 
198 1; Klocke et al., 1982). 
A dec line in muscle force was observed post-exercise. This is in agreement with other 
investigations that have shown larger reductions in muscle force following eccentric 
exercise (Hasson et al., 1992; Sayers et aI. , 2000). Although there was no stati stical 
significance between treatment groups, at 24h pos t-exercise, the PI group trended to 
have greater impairment in muscle force in the leg fl exors, as compared to the Vc 
group. This suggests that vitamin C may be exerting a protecti ve effect, po sibly by 
improvement in the quality of connecti ve ti ssue, via its role in collagen synthesis 
(Pandipati et aI. , 1998). This would be an independent mechanism to any benefits 
vitamin C is exerting as an antioxidant. 
The ratings of perceived muscle soreness reached their peak measurement point 36h 
post-exercise. There was no effect of vitamin C observed here, even although there 
was an effect of vitamin C on physiological markers of muscle damage. This may be 
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due to the lack of sensiti vity of the subjecti ve measurement. The highest levels of 
muscle soreness were reported in the hamstring, quadriceps and triceps surea muscle 
groups, with the vitamin C supplemented group trending to lower soreness scores than 
the placebo group. These are the main muscle groups exercised eccentricall y during 
downhill running. The trend to greater muscle force in the Vc group, and reduced 
muscle soreness , would suggest less mechanical di sruption to the sarcolemma, as 
evidenced by reduced levels of muscle damage proteins. 
4.4.3 Leukocyte counts & cortisol 
Significant increases in the total leukocyte count I h post-exercise are consistent with 
a body of literature (Kayashima et ai. , 1995 ; Gabriel & Kindermann, 1997; Bishop et 
ai. , 1999; Maim et ai., 2000). The increase in leukocytes closely parallels the changes 
in neutrophil counts, as the neutrophils account for approximately 70% of all 
leukocytes. The max imal neutrophil counts in thi s study are lower than findin gs by 
Smith et a!. (1998) who assessed leukocyte counts following 45 min of downhill 
running. This may be because although shorter in duration, they utili sed a slightl y 
steeper downhill gradient of 16 radians (- 11 degrees), which is likely to have resulted 
in higher levels of mechanical stress. Al ternati vely, the training status of the study 
population in the present study may have been higher, which may result in less sys tem 
perturbation following exercise due to regular exercise adaptation and fitness levels. 
Post-exercise neutrophilia may be induced by increased blood flow and associated 
shear forces as a result of exercise and/or by changes in catecholamines or corti sol, 
which result in the demargination of neutrophils frolll vessel walls (Ryan & Majno, 
1977 ; Pyne, I 994b; Maclntyre et al., 1995) and release frolll the bone marrow reserve 
pool (Ryan & Majno, 1977). [n this present investigation there was a significant 
decrease in serum corti sol I h after exercise in both groups, which is in contrast to 
other studies (Peters et ai. , 200 1b; Petersen et al., 200 1) and contradicts the proposed 
mechanism of action of corti sol in cell demargination. This may be due to the lower 
intensity of the exercise regime tested in thi s study than those previously reported. 
Lymphocyte counts increase to a far lesser ex tent than neutrophils following exercise, 
and then may fa ll below baseline before returning to pre-exercise levels ( ieman et 
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al. , 1989; Gabriel et ai., 1994c; Pi zza et al., 1995). As this study did not include an 
immediately post-exercise measurement, any transient changes in Iymphocyte counts 
may have been missed. It may have been useful to measure Iymphocyte-derived 
plasma cytokines to assess any functional Iymphocyte change in order to assess if 
vitamin C modulated functional responses in the absence of changes in cell counts. 
Monocyte counts increased I h post-exercise in both groups although there was a 
significantly higher count observed I h post-exercise in monocyte counts in the Vc 
group. The increase in monocyte numbers in the Vc group did not result in higher JL-
6 levels, a predominantly monocyte cytokine, suggesting that lL-6 eleva tions post-
exercise are not monocyte dri ven (Starkie et al., 200 Ib). Increased numbers of 
monocytes following exercise has lead to speculation that they may play a role in the 
exacerbation of muscle damage and delayed onset muscle soreness (Maclntyre et aI., 
1996; Smith et al., 1998). The elevated counts of monocytes in the Vc group in thi s 
study contradict thi s finding, as there is reduced muscle damage, as indicated by lower 
peak concentrations of myoglobin and creatine kinase with Vc supplementation. 
The fall in natural killer cell (N K) numbers I h post-exercise was more marked in the 
Vc group than the PI. This reduction in numbers post-exercise appears to be 
dependent upon the intensity and duration of the mode of exercise. Gabriel et al. 
( I 992c) observed a 40% decrease in NK counts 2-4h post-exercise following intense 
exercise. A 30-60% reduction was recorded following intense exercise in a range of 
studies; (Mackinnon et al., 1988; Pedersen et al., 1988; Nieman et al., 1989; Pedersen 
et al. , 1990; Nieman et al. , 1993a), whereas brief, moderate exercise resulted in a 
return to NK baseline levels by Ih post-exercise (Camus et al., 1992). Pizza et al. 
(1995) compared NK numbers between I-hour of level and downhill (- 10% gradient) 
treadmill running, at equal metaboli c cos t (70% V02max). Natural killer cell numbers 
increased during exerci se and then decreased below baseline l .5h post-exercise. 
Natural killer cell number increased significan tl y more during downhill when 
compared with level running. This suggests that eccentlic biased exercise, such as 
downhill running, is associated with increased NK mobilisation into the circulation 
during exercise and that these cells rapidly ex it the circulation after exercise. The 
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addition of a blood sample taken during exercise and immediately post-exercise 
would have confirmed if thi s were true for the current study. 
It is uncertain whether NK cell s a re selectively recruited to damaged skele tal muscle 
cell s, although it is considered that they genera ll y do not infiltrate damaged muscle 
(Tidball , 1995). It may be argued that a significant reduction in circulating NK ce ll 
counts fo llowing vitamin C supplementation may be di sadvantageous as the capability 
of the peripheral innate immune response is reduced. This could lead to reduced viral 
processing and result in a predisposition to infections (Pedersen & Bruunsgaard, 
1995; Nieman, 2000a). One of the cau es of increased incidence of infection in 
athle tes could be related to a temporary suppression of immune function following 
high intensity exercise, in which the NK cells play an important role (Hoffman-Goetz 
& Pedersen, 1994; Pyne, I 994b; Pedersen & Bruunsgaard , 1995; Shephard, 2000). 
Functional measures of NK cytotoxity would provide fUl1her understanding of this. 
4.4.4 Phagocytosis & respiratory hurst 
There were some changes in functional capacity of both monocytes and neutrophils in 
this study. Vitamin C reduced both the number of monocytes capable of undergoing 
phagocytosis, and reduced the magnitude of the corresponding burst. This may 
ultimate ly reduce the effi cacy of the innate immune system in the 'open window of 
infection ' period post-exercise (N ieman, I 997c). Vitamin C intervention resulted in a 
reduction in the percentage of neutrophils undergoing oxidati ve burst I hand 24h 
pos t-exercise and relati ve phagocytos i I h post-exercise. However, relative ox idati ve 
burst was lower in the PI group 48h post-exercise than the Vc group. This suggests 
that vitamin C may reduce the number of neutrophils that undergo oxidati ve burst but 
that it may actually increase the burst capability per cell of those cells that have been 
activated. Why vitamin C may act in thi s manner is unclear, a lthough the cells that are 
present in the circulation post-exercise may be a different population of cells, with 
di fferent functional capacity. 
It has been proposed that neutrophil respiratory burst acti vity is dependent upon 
exercise intensity (Smith et aI., 1990). 111 thi s study there was decreased relati ve 
neutrophil phagocyto is 48h pos t-exercise. A down-regulation of neutrophil function, 
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which also applies to the monocyte, may serve to limit chronic inflammation resulting 
from muscle fibre damage during exercise (Halliwell & Gutteridge, 2000). It has been 
suggested that the systemic stress evoked during an acute bout of eccentric exercise 
has a greater influence on leukocyte functional responses than the degree of muscle 
damage induced (Sax ton et a!., 2003). The literature in this area is confusing as the 
results from many studies report confli cting effects of exercise on phagocytosis and 
respiratory burst (Loft et ai. , 1992; Pyne, 1994b ; Gabriel et ai., 1995; Djaldetti et a!., 
2002; Saxton et ai. , 2003). 
4.4.5 Cell adhesioll & cell surface markers 
The infiltrati on of neutrophils and monocytes into exercise-damaged muscle as part of 
the repair and regeneration process is like ly to be fac ilitated by an increased 
express ion of ce ll -surface adhes ion molecules. There was a significant increase in 
Iymphocyte CD 18 express ion (p<0.05) I h pos t-exercise in the Vc group. CD 18 al so 
increa ed in response to exercise on the monocytes in the Vc group. At I h and 24h 
post-exercise expression in the Vc group was significantly higher than for the PI. This 
sugges ts that the monocytes in the Vc group may transiently exhibit enhanced 
adhes ion and migration capabilities to facilitate cell movement to the ti ssues and areas 
of damage. 
Median fluorescence generall y trended to inc rease at I h and 24h post-exercise for 
both groups for CDllb, and CDI 8 on Iymphocytes, monocytes and neutrophils, 
indicati ve of increased receptor expression density on the cell surface. Changes in 
CD54 on monocytes were less apparent. CD54 analys is for lymphocytes and 
neutrophils has not been included due to very low express ion of the receptor by these 
cells. It has been suggested that the expression of these cell surface receptors 
following exercise may alter the responsiveness of neutrophils to stimulation (Gray et 
ai. , I 993a), a lthough thi s is not widely acknowledged. Changes in cellular acti vation 
are not always reliant upon receptor expression. In. vitro data demonstrate that 
neutrophil acti vation can occur independently of alterations in receptor express ion 
(Guthrie et ai. , 1984; Tennenberg et a!., 1993). 
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Eccentric exercise evoking muscle damage in untrained subjects has been reported to 
increase the expression density of CD II b and CD64 on peripheral blood neutrophils 
and monocytes (Pi zza et aI. , 1996). There was dimjnished acti vation in indi viduals 
who were less susceptible to eccentric exercise- induced injury, the implication being 
that leukocyte activation was associated with the degree of exercise-induced muscle 
damage. In the current study, a lack of modulation of CDI 8 express ion may be 
attributable to the training status of the subjects, in that they were habituall y acti ve 
and so may have already adapted to some degree to the exercise stressors. As a result 
of indi vidual variation, a larger study sample size may have yielded tighter data sets. 
A study by Tauler et al. (2003) showed that duathlon competition increased the 
expression of Mac- Ion neutrophils in a study group with habitually hi gher plasma 
levels of vitamin C (- 95 J.lM ), this effect was not seen in the low vi tamin C group 
(-75 ~lM ). The increase in CDI 8 express ion in the present stud y would also appear to 
be partly attributed to higher plasma levels of vitamin C. 
Vitamin C has been shown, in a non-exercise contex t, to modulate cellular adhes ion in 
humans in vivo; cigarette smoke induced leukocyte adhesion to vascular endothelium 
and leukocyte platelet aggregation is prevented by dietary or intravenous pre-
treatment with ascorbate (Lehr et ai. , 1994). Restoration of reduced plasma vitamin C 
concentration in smokers by oral supplementa tion has been demonstrated to decrease 
cigarette smoke induced monocyte adhesion (Weber et al., I 996a). This chronic 
activation of monocyte adhesion in smokers is likely to present long-term damaging 
health outcomes, as opposed to the transient increase in adhesion molecule express ion 
with vitamin C post-exercise, which may result in effi cient cell migration to sites of 
damage. 
In thi s c urrent study there was no change in CD4:CD8 ratio in the Vc group as a result 
of exercise, however, there was a significant increase in CD4:CD8 in the PI group. 
This is attributable to an increase in CD4 counts relative to CD8 . These data are in 
contrast to much of the literature, as relative changes in CD8 cell number are 
reportedly greater than for CD4 counts following exercise, which results in a decline 
in the CD4:CD8 ratio (Espersen et ai. , 1990; Frisina et al., 1994). However, a study 
by Greenleaf et a!. (1995) did report an increase in CD4:8 ratio following supine cycle 
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ergometry, considered to be attri buted to changes in plasma osmolality. Maim et al. 
(2004a), also report an increase in CD4:8 following consecuti ve soccer games. The 
data from the present downhill running study are di ffi cult to in terpret, except to say 
that vitamin C may have some immuno-modulatory effects and stabilise Iymphocyte 
sub-populations aga inst exercise- induced stress. 
CDI 4 is the hi gh affinity receptor for lipopolysaccharide (LPS) and LPS binding 
protein. It is strongly expressed on monocytes and macrophages. When LPS binds to 
CDI 4, the toll -like receptor transmits a signal to induce cytokine production and the 
respiratory burst (Abbas, 2000). There was no change in CD I4 express ion in the PI 
group, however, 1 h pos t-exercise the levels of CD 14 express ion increased in the Vc 
group which returned to baseline levels 48h post-exercise. Changes in CD 14 
expression or affinity will influence the capacity to fight bacteri al infections (Hi rohata 
& Oka, 1993). Thus, the increase observed in CDI4 expression may serve to prime 
the monocytes ready to fight infection at a time when the body is under additional 
stress. However, thi s is not refl ected in the monocyte oxidati ve burst data. 
4.4.6 Illlerleukill-6 
During strenuous exercise lL-6 can increase l OO-fold (Bruunsgaard et aI., 1997 ; 
Ostrowski et aI., 1998b; Ostrowski et aI., 1999; Pedersen & Hoffman-Goetz, 2000). 
In thi s in vestigation the max imal concentration of lL-6 measured was 2.5 pg. mr l , 
which relates to approx imately a 3-fold increa e. This lower recorded level of IL-6 
suggests that downhill running, whil st a potent inducer of muscle damage, is less 
metaboli call y demanding than other forms of exercise, in agreement with the findings 
of Thompson et al. (2004). The serum levels of IL-6 recorded in the current study are 
consistent with those of the downhill running study by Thompson et al. (2004). An 
exercise study that eccentricall y exercised one leg for 60 min reported an lL-6 
concentration of approx imately 5 pg. mr l lL-6, 120 min post-exercise (Rohde et aI. , 
1997). However, another downhill running study (90 min down a 5% gradient) 
reported a 20-fold increase in plasma lL-6 post-exercise (Petersen et al., 200 I). An 
additional measurement point immediately post-exercise in the present study may 
have better represented the peak concentration of lL-6 from downhill runnin g. 
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The lack of effect of vitamin C on 1L-6 is con i tent with some other studies (Nieman 
et al. , 1997b; Petersen et al. , 200 I; Nieman et al., 2002; Thompson et al. , 2004). 
However, other studies have descri bed immuno-modulation effects following vitamin 
C supplementation ( ieman et al., 2000a; Thompson et aI., 200 Ib). The finding are 
inconsistent and it is difficult to compare diFferent exercise regimes, study populations 
and vitamin C supplementation strategies . Those exercise studies that have shown 
modulation of serum IL-6 responses following vitamin C or mi xed antiox idant 
supplementation (which included vitamin C as a component), have been in response 
to demanding exercise (Nieman et aI., 2000a; Thompson et aI., 200 I b; 
Vass ilakopoulos et al., 2003; Fischer et aI., 2004). Skeletal muscle has been identifi ed 
as the primary source of serum 1L-6 fo llowing exercise (Febbraio & Pedersen, 2002). 
It has been hypothesised that c reatine kinase could have immuno-modulatory actions, 
thereby serving as a messenger molecule between skeletal muscles and the immune 
system (Maim, 2002). The reduction in c ircul ating C K levels in response to vitamin C 
in thi s study may have affected some of the immune signalling pathways. 
It is tempting to suggest that a metabo li c threshold is required to induce the muscle to 
release IL-6. Perhaps, in downhill running, the main source of 1L-6 may not be the 
skeletal muscle, as the metabolic threshold for re lease had not been reached. With thi s 
in mind, vi tamin C may be acti ng at a cellula r level within the skeletal muscle cell 
compartment, and may explai n why we observed the reductions in the muscle damage 
proteins, but not an effect on 1L-6 concentration. Alternatively, as glycogen depletion 
has been implicated in 1L-6 re lease (Febbraio & Pedersen, 2002), [L-6 levels may be 
low in thi s study as the downhill running model may not have been metaboli ca ll y 
demanding enough to deplete glycogen stores. 
4.4.7 Uric acid 
Inflammation is not the only source of free radicals in the post-exercise period. 
Xanthine oxidase may contribute to oxidative stress and muscle damage after the 
cessation of a demanding bout of exercise (Duarte et aI., 1993; Radak et aI., 1995). 
Elevation in uric acid concentrations may be linked to xan thine oxidase (Chapter 2). 
Uri c acid acts as an antioxidant, so it is unsurpri sing that levels in the blood increase 
after exercise so as to counteract free radicals re leased in response to phys ical exerc ise 
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(Vina et aI., 2000). In the present study, there was an increase in uric acid I hand 24h 
pos t-exercise in both groups. 
Studies sugges t that urate is the main antioxidant in human plasma (Wayner et aI., 
1987), and that a ri se in plasma urate following eccentric exercise improves the 
plasma radical scavenging capacity (Maxwell et aI., 1993). Direct evidence for 
whether urate may act as a scavenger in muscle may be obtained by assess ing the 
formation of the oxidation product of urate; a ll antoin. Since the enzyme responsible 
for the conversion of urate to aUantoin is absent in human ti ssue, an increase in 
aUantoin concentration is likely to indicate fo rmation of free radicals (Sen et aI., 
2000). 
4.4.9 Summary alld cOllclusions 
In summary, vitamjn C supplementation resulted in the modulation of some, but not 
all , of the immune parameters measured. A reduction post-exercise in NK cell 
numbers, percentage monocyte phagocytos is and magnitude of the monocyte and 
neutrophil respiratory burst all point to vitamin C reducing the effi ciency and 
capability of the innate immune system; potentia lly leaving subjects in the Vc group 
more vulnerable to post-exercise infection than those in the placebo group. However, 
an isolated modulation of immune function is not necessarily representatjve of the in 
vivo state. However, in contrast with these data, there were increases in express ion 
density of CD 14 and CD 18 on the monocytes in the Vc group. It can be argued that 
these increases may improve the capability of the inunune system to respond to 
infection and cell damage. From these data it is imposs ible to conclude if there would 
be a net effect on immune function positi vely or detrimentally following vitamin C 
supplementation. To further understand the complex changes within the immune 
system, it may be necessary to analyse a larger number of cell-surface receptors and a 
wider range of cytokine profil es. This would help to determine the physiological 
relevance of the observed changes. 
Data from thi s downhill running supplementation study suggest, that in the selected 
study population, downhill running induced considerable muscle damage but minimal 
systemjc stress, as measured by immune markers and inflammatory responses. Oral 
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supplementation with synthetic vitamin C resulted in a c lear reduction in blood 
protein markers of muscle damage in the post-exercise peri od. Few studies have 
compared the responses between exercise models. This cun'ently makes it difficult to 
compare data between studies, and to provide therapeutic intervention strategies. This 
is because di fferent exercise models and sample populations invoke different degrees 
of systemic stress. For future studies, either the selection of an alternati ve model of 
exercise stress or increas ing the V02max demand or treadmill gradient of this downhill 
running protocol may result in more pronounced perturbations of the immune sys tem 
fo llowing exercise. Downhill running, as a model of exercise stress is a useful 
laboratory based model for tes ting exercise-related hypotheses. However, downhill 
running is not representati ve of mos t ' real life ' recreational sports and acti vities. 
Eva luation of a model of exercise where the movements are more re fl ecti ve of real 
life acti vities may provide more relevant information fo r nutritional supplement 
recommendations. 
In concl usion, in thi s investi gation the reduction in blood muscle damage proteins and 
a trend towards decreased muscle damage and soreness provide support for the 
recommendation of vitamin C supplementation for the attenuation of muscle damage 
resulting from predominantly eccentric-biased exercise. This reconunendation 
remains equivocal for changes in immune function, following downhill runnIng 
exercise. 
178 
CHAPTERS 
179 
Influence of intermittent shuttle running and vitamin C 
supplementation on immune and muscle damage markers 
5.1 Introduction 
The previous study demonstrated that 60 mm of downhill running elicits muscle 
damage, muscle soreness and perturba tions of the immune system (Chapter 4). 
Vitamin C (800 mg) taken for seven days prior to downhill running had modulatory 
effects on some markers of muscle damage and immune function. However, the 
max imal stress responses to downhill running were lower than anticipated, leaving a 
lower margin for intervention modulati on. Downhill running is predominantl y 
eccentri c-b iased exercise and as such, causes intense muscle stress, but thi s is limited 
to several main muscle groups rather than resulting in whole body stress. The 
Loughborough intermittent Shuttle Test (LIST), as described in Chapter 3, is an 
intermittent shuttle running test designed to re fl ect the acti vity pattern common in 
multi ple sprint sports, such as soccer (Nicholas et aI., 2000), and provides a human 
model of metabolic stress. Indi viduals unaccustomed to thi s mode of multiple-sprint 
exerc ise have been shown to suffer severe muscle soreness and muscle damage in the 
post-exercise period (Thompson et al., 1999). Publi shed studies utili sing the LIST 
model indicate tha t it is a more intense immunological stressor than downhill running, 
as refl ected by higher circul ating levels of IL-6 post-exercise (Thompson et aI., 
200 Ib). 
Although eccentric contractions are more mechanicall y damaging than concentric 
actions (Newham et al., 1983a; Newham et at. , 1986; Armstrong, 1990), there is a 
higher metaboli c cost, oxygen consumption and electri cal acti vity as a result of 
equi valent concentric contractile acti vity (Jackson, 2000). The LIST model in volves a 
more balanced combination of concentric and eccentric muscle contractions. Fro m 
thi s evidence it was postulated that an inte rmittent shuttle running model would result 
in both ox idati ve and mechanical whole body stress responses, greater than those 
resulting from downhill running. 
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The LIST study of Thompson et al. (200 Ib) reports a greater elevation of LL-6 and 
that thi s response was modulated with vitamin C supplementation taken for 14 days 
prior to exercise. Building on these findings a wider range of immune measures has 
been incorporated in the present in vestigation. Cytokines are primarily invo lved in 
inflammatory processes, both pro- and anti -inflammatory; a more comprehensive 
picture of the cytokine profiles that occur in response to intermittent shuttle running 
will be elucidated by the inclusion of the analysis of IL-6, IL- IO, IL- I ra, TNFa and 
s ICAM - I and wi ll build on the ex isting data available for IL-6. Immunological 
parameters included within the analysis for differential cell counts were: CD45 to 
di stingui sh all leukocytes, CD 14 to di stinguish monocytes and CD3, CD4, CD8, 
CD45ro, CD I9, CDI 6, CD56, HLA-dr to differentiate Iymphocyte subpopulations 
and natural killer cell s. 
Adhesion molecules such as ICAM-I are major determinants of leukocyte-endothelial 
cell interactions. The induction and up-regulation of these adhes ion molecules is a 
process common to inflammation, and one of the earlies t events in the pathogenesis of 
atherscleros is (Jilma et aI. , 1994). As exercise is known to induce cytokines (Pedersen 
et al. , 1998) and cytokines promote adhesion molecule express ion (Blue et al. , 1993; 
Song et aI. , 1997; Meager, 1999) it was hypothes ised that intermittent shuttle running 
could be a strong enough immunological stimulus to increase both circulating and 
cell-surface adhesion molecules including sICAM- I, CD II b, CD 18, CD54 and 
CD62L, thus building on the panel of molecules analysed in response to downhill 
running (Chapter 4). Additional cell surface markers of acti vation were included for 
analys is; HLA-dr and CD45ro as markers of Iymphocyte activation and CD63 as a 
marker of neutrophil activation. Ac ti vation of the immune system in response to 
intermittent shuttle running exercise may result in an increased expression of these 
molecules. 
Alterations in monocyte and neutrophil receptor express ion could a lso affect 
functional capacity. A reduction in neutrophil CD II b has been associated with defects 
in respiratory burst activity and has resulted in an increased susceptibility to infection 
(Babcock et al., 1993). Therefore, exercise-induced alterations (increase or decreases) 
in neutrophil receptor express ion could have implications for the clearance of 
damaged muscle ti ssue and neutrophil function. Changes to functional capacity, 
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measured by phagocytosis and oxidati ve burst, as a result of intermittent shuttle 
running will provide information on a model of exercise closer to real sporting 
acti vities, as opposed to downhill running. 
As increasing demands are placed on study subjects, the more non-invasive 
measurements that can be incorporated into a study will help to minimise subject 
di scomfort. Therefore, the current investigation includes the analysis of sali vary 
corti sol compared to serum corti sol and urinary F2-isoprostaness as a marker of 
oxidati ve stress. 
Free-radical production may be increased both during exercise with a high metabolic 
cost (Ash ton et aI., 2003) or after cessation of exercise during an inflammatory 
response (Maclntyre et aL. , 1996). This may exceed the body's endogenous 
antiox idant capacity to neutrali se ROS and induce metabolic and oxidative stress. 
Ingestion of large amounts of vitamin C has been shown to offer some protection 
against exercise-induced damage; muscle soreness (Kaminski & Boal, 1992), loss of 
muscle force (Jakeman & Maxwell , 1993), and lipid peroxidation (Vasankari et aI. , 
I 998a). Ci rculating cytokine concentrations have been reduced with vitamin C 
intervention prior to exercise (Nieman et aI. , 2000a; Thompson et al., 200 Ib). 
Thompson et al. (200 I b) repOlted a benefit of an oral supplementation dose of 400 mg 
of vitamin C on parameters of muscle damage and inflammation when taken for 14 
days prior to exercise, using the LIST as the model system. Vitamin C has al so been 
shown to reduce the elevated levels of adhes ion molecule express ion seen in smokers 
(Weber et aI., I 996a), i.e. reduce oxidative stress responses outside of an exercise 
context. 
The LIST exercise model was selected as the exercise st.ressor in the present study as 
it invokes greater levels of metabolic stress compared to downhill running. The 
supplementation rationale was developed from Thompson et al. (200 lb). In the 
present study the vitamin C dose has been doubled and the intervention period halved 
as compared to Thompson et aI., (200 tb) and remains unchanged from the previous 
study (Chapter 4); that is 800 mg of vitamin C for 7 days, prior to the exercise 
challenge. 
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The aims of the present in vestigation were to investigate the effects of intermittent 
shuttle running on markers of the immune system and muscle damage and to 
determine the effect of vitamin C supplementation on exercise-induced muscle 
soreness, muscle damage and immune sys tem perturbations. 
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5.2 Materials & Methods 
5.2.1 Subject characteristics 
Thirty-two phys icall y acti ve males took part in thi s study. They were health y and 
habitually acti ve but not accustomed to the exercise protocol. Smokers and 
indi viduals taking dietary supp lements were excl uded from the study. Subjects were 
randomly assigned, in a double-blind manner to either placebo or vitamin C 
supplementation groups. The groups were matched for physical characteristics and 
activity levels (Table 5.2.1). 
Table 5.2.1 Physical characteristics or the supplementation groups (m.ean + SO) 
Placebo (n=16) Vitamin C (n=16) 
Age (years) 2 1.6 ± 1.9 2 1.9 ± 2.6 
Height (m) 1.82 ± 0.07 1.80 ± 0.06 
Body mass (kg) 83.4 ± 11.5 82.4 ± 9.6 
V02max (ml. kg. min" ) 53.3 ± 4.5 53.6 ±4.9 
Weekl y exercise sessions 6± 1 6± 1 
Daily vitamin C intake (mg) 11 9 ±2 1 123 ± 26 
5.2.2 Supplemelltatioll 
Subjects were randomly assigned to a placebo or vitamin C supplemented group. 
Sixteen subjects supplemented their diet with 400 mg of ascorbic ac id (Vitamin C) 
(Nova Laboratories Ltd ., UK) twice dai ly (800 mg.day") for 7 days pre-exercise, and 
2 days post-exercise. The other subjects received a matched placebo (lactose). The 
supplements were taken in capsule form . The supplementation began 7 days before 
the exercise session on day 8. The last supplementation dose prior to exercise was 
taken 24h before undertaking the exercise protocol. Subjects were requi red to weigh 
and record a ll food and fluid intake on two days. Prior to supplementation a three-day 
habitual die t was recorded and during the main trial another three-day diet was 
recorded, during which time subjects were requested to control their dietary vitamin C 
intake. Subjects were required to consume a number of foods that were es timated to 
provide approximately 100 mg of vitamin C per day. 
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5.2.3 Exercise experimental desigll 
Subjects reported to the laboratory having refrained from strenuous phys ical acti vity 
for at least 2 days. Following an overnight fast they completed the Loughborough 
Intermittent Shuttle Test (LIST) on the eventh day of supplementation, as described 
in Chapter 3. Subjects exercised at approx imately 70% of their max imal oxygen 
uptake (V0 2max) for 90 min . Over the course of the exercise sess ion, subjects covered 
a total di stance of 12.5km, sprinted approx imately I km and changed direction 624 
times. Heart rate was monitored at regular intervals throughout the LIST by short-
range telemetry (Polar Instruments). 
Muscle function measurements were taken prior to exercise and then immediately 
post-exercise, 24, 48, 96 and 168h pos t-exercise using an isokinetic dynamometer. 
Nude body mass was determined before and immediately following exercise. Subjects 
ingested water ad libitum th roughout the run . Heart rate, expired air samples and 
ratings of perceived exertion were monitored at regular intervals during exercise. 
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Figure 5.2.3 Schelllatic representation of t/le experimental design and sampling regime 
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5.2.4 Sample preparatioll and storage 
Eight milliliu'es of blood was taken by venepuncture from the forearm veins prior to 
supplementation, immediately pre-exercise, I, 24 and 4S h post-exercise. Urine 
samples were co llected pre-supplementation, pre-exercise, I and 24 h post-exercise 
and stored at - SO°C, without preserva ti ves. Sali va samples were collected using plai n 
cotton sali vettes, (Sarstedt). Saliveltes were chewed for I min and saturated with 
sali va. No food or drink, except water, was consumed within 30 min prio r to taking 
thi s sample. Sali vettes were then centrifuged at 4000 rpm for 20 min , the sa lvia 
aliquotted and frozen at - SO Qc. 
5.2.5 Antibody staining 
Blood samples were prepared within 6 h of collection. For the determina tion of 
leukocyte characteri sti cs the following monoclonal antibody combinations used were; 
• Anti -CD4S*FITCICDI4*PE, (lmmunotech dual colour, clones Immu 19.2 and 
RMOS2, 10 fll per test) to di stingu i h Iymphocytes as CD4S+CD 14-, and 
monocytes as CD I4+. 
• Anti-CD3*FITCICDI6+S6*PE, (Immunotech dual colour, c lones UCHTI and 
J4. 11 9, 10 ~d per test), anti-CDI9*Cy-chrome (Phanningen clone Hffi1 9, 10 fll 
per tes t) to di stingui sh T Iymphocytes as CD3+CD 16-, B cell s as CD 19+CD 16-
CDS6, NK cell s as CDTCD I6/CDS6+. 
• Anti -CDS*FITC, (Dako, clone DK2S, 10 fll per test), CD4Sro*PE (Dako, c lone 
UCH I, 10 fll per test), C D4*Cy-chrome (Pharmingen, clone RPA-T4, 10 fl l per 
test) to identify CD4+ (helper T Iymphocytes), CDS+ (suppressor T cells), 
CD4Sro+, a marker for activated and memory T Iymphocytes. 
• Anti -HLA-DP, DQ, DR *FITC (Dako, clone C R3/43, Sfll per test), anti -
CDI4*PE, (Pharmingen, clone MSE2, S fll o f a I in S dilution into PBSA), to 
identify MHC class 11, up-regulated, acti vated T Iymphocytes, di stinct from 
monocytes (CD 14+). 
• Anti-CDIS*FITC, (Pharmingen, c lone 6.7, 10 fll per test), anti-CDl lb*PE 
(Pharmingen, clone ICRF44, 10 fll per test), anti-CDS4*Cy-chrome (Pharmingen, 
clone HAS S, 10 fll per test), and anti-CD63 *PE (Pharmingen, clone HSC6, 10 fll 
IS7 
per test) and anti-CD62L *Cy-chrome (Pharmingen, clone Dreg 56, 10 ",I per test) 
to identify cell surface adhesion molecule expression. 
CeIJ populations analysed were Iymphoytes, monocytes and neutrophils by gating 
anal ys is as described in Chapter 3. 
5.2.6 Flow cytometric allalysis 
Leukocyte subsets were counted using a Coulter XL flow cytometer and Listmode 
data were saved. Cell s were gated on log side-scatter and log forward scatter 
properties. The percent positi ve results or absolute marker expression (median 
flu orescence intensity) were analysed as described in Chapter 3. 
5.2.7 Leukocyte allalysis 
Cell counts and functional assays were performed as described in Chapter 3. 
5.2.8 Blood allalysis 
Interieukin-6, 1L-1O and TNFa were ana lysed uSing a high sens iti vity ELlSA as 
described in Chapter 3. Interleukin- Ira , sICAM-l , free corti sol were measured by 
standard ELlSA . F2-isoprostanes and sali vru'y corti sol were measured by DELFIA 
(Chapter 3). The measurement of sali vary cortisol was included to assess the utility of 
a non-invasive measurement. Serum uric acid and total corti sol were measured as 
described in Chapter 3. 
5.2.9 Muscle jUllction, sorelless & damage markers 
Maxi mal voluntary contractions were measured prior to and post-exercise as 
presented in Chapter 3. Prior to exercise and for the following two days subjects 
highlighted a diagram of the body ' s musculature to indicate the regions in which they 
experienced soreness. Additionally, passive soreness was assessed using a 10 point 
scale, which ranged from I = 'not sore ' to 10 = 'veIY, velY, sore' . Serum markers of 
muscle damage measured were myoglobin and creatine kinase. (Chapter 3) . 
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5.2.10 Statistical allalysis 
The stati stica l analys is methods are presented in Chapter 3. The pre-supplementation 
observation was included in the analys is model as a covariate. Significance between 
treatment groups or effect over time was accepted at the 5% level. Values are 
expressed as the mean ± standard error of the mean (SEM) th roughout, unless 
otherwise expressed. 
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5.3 RESULTS 
5.3.1 Physiological response to ex ercise 
The mean heart rate during the LIST was increased (p<0.05) during exercise. After 90 
minutes mean heart rate was 166 ± 2 beats per min . Body mass decreased by 0.75 ± 
0. 1 I % fro m pre·exercise to I h pos t-exercise in the PI group, and fro m 0.84 ± 0. 1 % 
in the Vc group (corrected for fluid intake). Plasma volume increased, a lthough not 
significantl y, 2.2 ± 2.0 % in the Vc group and 2.7 ± 2.4 % in the PI group I h pos t-
exercise. 
5.3.2 Vitamin C plasma profile 
There was a significant increase in vitamin C plasma concentration as a result of 
supplementation in the vitamin C (Ye) group onl y (p<0.05), (Figure 5.3.2). The 
concentration of plas ma vitamin C peaked in both groups at I h post·exercise. Levels 
were elevated (p<0.05) pre·exercise and I h post-exercise in the Vc group as compared 
to the placebo (PI). 
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Figure 5.3.2: Plasma vitamin C collcelltration pre-treatment (PT) and following 
vitamin C supplementation (mean ± SEM). + different between groups 
(p<0.05). * Vc different from pre-treatment (1'<0.05). # PI different 
from pre-treatment (1'<0.05). 
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5.3.3 Muscle damage markers 
There was an increase in serum myoglobin concentration I h post-exercise in both 
groups (Figure S.3.3a). There was an intervention effect of vitamin C as the peak 
concentration of myoglobin was lower (p<O.OS) in the Vc supplemented group (9.28 ± 
0.8 1 nmol.r1) compared to the PI group ( 17. 14 ± 1.58 nmol.r1). Creatine kinase 
concentrations peaked at 24h post-exercise in both groups (p<O.OS) (Figure S.3.3b). 
There was no effect of supplementation on C K at any time point. 
5.3.4 Maximal volulltary cOlltractiolls 
There was an impairment observed in max imal voluntary contTactions (MVC) of the 
leg fl exors and extensors following exercise in both of the interventi on groups 
immediately post-exercise, 24h and 48h post-exercise. The vitamin C supplemented 
group exhi bited significantly higher MVC than the placebo group in the leg fl exors 
96h and 168h pos t-exercise (96h; PI ; 90 ± 6 %, Vc; 103 ± 2 %) and ( 168h; PI ; 88 ± 
5, Vc; 10 1 ± 4 %), (p<O. OS). 
Table 5.3.4 Isometric voluntmy contraction fo llowing intermilfent shuttle I'LlIlllillg 
with either placebo or vitamin C supplelnentatioll (means ± SEM) 
expressed as percentage of the IHe-exercise value. * different FOil! pre-
~~~~~#~rnlt ~~g~~<Q~ W~ 
immediately post-exercise 
Muscle Group IMPE 24h 48h 96h 168h 
group 
Flex ion PI 83 ±6* 78 ±4* 80 ± 4* 90±6 88 ± 5 
Vc 80 ± 4* 84 ± 2* 86 ±3* 103 ± 2# 10 1 ±4# 
Extension PI 88 ±4* 93 ±3* 92 ± 3* 97 ±3 98 ±2 
Vc 89 ±2* 90± 3* 92±2* 10 1 ±3 103 ± 2 
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5.3.5 Muscle soreness 
Passive soreness (at rest) increased following intermittent shuttle ru nning during the 
post-exercise period and returned to pre-exercise values 96 and 168h post-exercise 
(Figure 5.3.5a). There was no statisticall y significant effect of supp lementation. The 
location of muscle soreness was most frequently reported in the hamstrings, 
quadriceps, tricep s surea, gluteus maxill1. L/ s and the musculature of the lower back 
(Figure 5.3.5b). 
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Ratings of perceived soreness (l 0 point scale) fo llowing 
intermitlelll shuttle running fo r the placebo and vitamin C 
supplemented groups (mean :t SEM). * both groups different 
Fom pre-exercise (p<0.05). 
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Figure 5.3.5b: Location and }i"equency of muscle soreness fo llowing inrermillenl 
shuttle- running fo r the vitamin C and placebo supplemel/.led groups. 
An increase in the density of shading represents an increase in the 
f requency of soreness in that region. 
5.3.6 Cytokines 
The interleukin-6 (LL-6), interleukin-I O OL- IO), and interleukin- I ra ( LL- I ra) 
responses to exercise are presented in Figures 5.3.6a-c. All three cytokines show the 
same profil e response to exercise; increasing significantly I h pos t-exercise (p<0.05) 
in both groups. lnterleukin-6 concentration increased 5-fold from baseline to max imal 
concentrati on (PI ; 6.9 ± 2.0 pg.mr!, Vc; 6. 1 ± 2.2 pg. mr !, (p<0.05)), LL- I 0 increased 
10-fold (pI; 24.6 ± 7.3 pg. m!" !, Vc; 29. 1 ± 1l.2 pg.m1.!, (p<0.05)) and LL-Ira 
increased 6-fold (PI ; 1579.7 ± 629.7 pg. m!"! , Vc; 1523.4 ± 53 1.0 pg. m!"! , (p<0.05)) 
and then returned to baseline 24h post-exercise. There was no significant effect of 
treatment between the two groups for LL-6, LL-I O or LL- I ra. There was no effect of 
ei ther intermittent shuttle running or vitamin C supplementation on tumour necros is 
facto r alpha (TNFa) or soluble intercellular adhes ion molecule one (s ICAM - I) (Table 
5.36). 
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5.3.7 Cortisol, F2-isoproslalles & uric acid 
Active, free salivary corti sol increased in both groups I h following exercise (p<O.05) 
(Table 5.3.6). Data presented in Table 5.3.6 show that there was no change in free 
serum cortisol levels in either group, e ither with exercise or supple mentation. 
However, total serum cortisol increased I h post-exercise in the PI group (p<O.05), but 
was unchanged in the Vc group. Urinary F2-isoprostanes remained constant 
throughout in both groups. The I h post-exercise sample was absent as the samples 
were miss ing. Serum Ulic acid concentrations were elevated I h post-exerc ise (p<O.05) 
in both groups. Levels were significantly higher in the PI group, as compared to the 
Vc population at I hand 48h post-exercise (p<O.OS). 
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Table 5.3.6: Cytokine, cortisol, F2·isoprostane and uric acid concentration pre-treatment (PT) andfol/owing illterll1illellt sllLlttle-running f or 
placebo and vitamin C supplemelltation groups (means ± SEM). * different ji"Olll. IHe-exercise (p <O.05). # differen.t between 
groups at specific time poin.t 
Analyte Biofluid Group PT Pre-exercise lh 24h 48h 
sICAM-I plasma PI 283.7 ± 11.7 271.3± 11.1 279.9 ± 12.0 268 .9 ± 11 .2 
(ng. mr ') Vc 30 1.1 ± 19.0 300.9 ± 15.4 305.7 ± 16.7 306. 1 1±4.4 
TNFu serum PI 1.19 ±0. 19 1.1 9 ± 0. 16 1.1 2 ± 0.16 1.1 6 ±0. 12 
(pg. mr' ) Vc 1.63 ± 0.4 1 1.87 ± 0.42 1.85 ± 0.34 1.68 ±0.27 
Cortisol (free) saliva PI 17.7± 1.4 33.5 ± 4.3 * 
(nmol.r') Vc 18.5 ± 1.8 28.2 ± 3.7 * 
Cortisol (free) serum PI 729 ±73 848 ± 60 865 ± 144 779 ± 105 
(nmo!.r' ) Vc 728 ± 138 874 ± 50 886± 11 4 842 ± 80 
Cortisol (total) serum PI 555 ± 47 648 ± 36 928 ± 98 *# 58 1 ± 50 533 ± 35 
(nmo!.r' ) Vc 539 ± 35 590 ± 45 665 ± 80 54 1 ±46 526 ±46 
F2-Isoprostanes unne PI 12.1 ±4.5 8.7 ± 1.8 8.6 ± 1.8 8.7 ± 2.3 
(ng. mr ') Vc 8.2 ± 1.2 6.7 ± 1.1 8.8 ± 1.8 6.0 ±0.9 
Uric acid serum PI 350 ± 10 4 14 ± 13 *# 382 ± 14 * 382± 14 *# 
(~mo !.r' ) Vc 323 ± 11 368 ± 15 * 345 ± 9 33 1 ± 9 
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5.3.8 Absolute lellkocyte COUllts 
Total leukocyte counts signjficantly increased (p<0.05) I h post-exercise In both 
8 9 09 8 9 09 . treatment groups (PI ; .7 x 10 ± 1.1 x I ,Vc; .7 x 10 ± 1.2 x I cells per litre) as 
presented in Figure 5.3.8. There was no effect of supplementation between the groups. 
Changes for Iymphocytes, monocytes and neutrophi ls are presented in Table 5.3.8. 
There was no effect of supplementation between the groups fo r Iymphocytes, 
monocytes or neutrophils. Neutrophil absolute counts significantly increased Ih post-
exercise in both groups (PI ; 5 .7 x 109 ± 1.0 x 109, Vc; 6.7 x 109 ± 1.1 x 109 cells per 
litre, p<0.05), and returned to baseline 24h post-exercise. 
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Figure 5.3.8: Total leukocyte counts pre-exercise (PT) and following intermittent 
shuttle rUllning for placebo and for the vitamin C supplemented group 
(mean 1: SEM). * both groups differentfrompre-exercise (p<O.05). 
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5.3.9 Relative cell challges as a proportioll of totalleukocytes 
Changes in the relati ve proponions of Iymphocytes, monocytes and neutrophils are 
shown in Table 5.3.9. There was a significant increase (p<0.05) in the relati ve 
percentage of neutrophils I h post-exercise in both supplementation groups (PI ; 76.8 ± 
3.5 %, Vc; 74.8 ± 3.0 %). There was a corresponding decrease in the proportion of 
Iymphocytes Ih post-exercise (PI ; 18.5 ± 2.9 %, Vc; 16.9 ± 2.5 %). No exercise 
intervention effect was observed on monocyte relative proportions. There was no 
change in the percentage of B cell s or N K cells as a percentage of the total 
Iymphocytes as a result of either intermittent shuttle running or vitamin C 
supplementation. There was no apparent effect of vitamin C supplementation on the 
cell populations. All relati ve cell proportions that had changed as a result of exercise 
returned to baseline 24h post-exercise. 
5.3.} 0 MOllocyte CD} 4 expressioll 
There was no effect of intermittent shuttle running on monocyte CDI4+ expression or 
any effect of Vc supplementation (Table 5.3. 10). 
Table 5.3.10 Monocyte CDI4 expression (mediClnJluorescence intensity) 
pre-treatment (PT) and fo llowing inte rmittent shuttle running fo r the 
placebo and vitamin C supplemented groups (mean ±SEM). 
Group 
PI 
Vc 
PT 
20.9 ± 2.4 
23.4 ± 1.9 
Prc-exercise 
23.2 ± 1.9 
21.8 ± 2.4 
lh 
23. 1 ± 1.5 
2 1.4 ± 1.6 
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24h 
19.5 ± 1.5 
18. 1 ± 1.5 
Table 5.3.8: Change in leukocyte cell-subpopulation absolute leukocyte lIulI/bers (x I09 r ')following illlerll/ittent shullle rUllllingfor placebo 
and vitamin C supplementation (means ± SEM). * dijj'e rent j i'Oln pre-exercise (p <0. 05). 
Cell type Group PT Pre-exercise Ih 24h 
Lymphocyte PI 1.37 ± 0. 12 1.60 ± 0. 10 1.29 ± 0.06 IA I ±0. 19 
Vc 1.1 6 ± 0. 16 1.77 ±0.28 1.30 ± 0. 10 1.5 I ± 0. 11 
Monocyte PI 0.29 ±0.06 0.39 ± 0.05 0.54 ± 0.08 0.32 ± 0.03 
Vc 0.29 ±O.OS 0.5 I ± 0.09 0.52 ± 0.07 0.39 ± 0.04 
Neutrophil PI 2.39 ± 0.60 3. 15 ± 0.8 1 5.79 ± 1.02 * 2. 17 ±0. IS 
Vc 1.98 ± 0.33 2.75 ± 0.87 6.78 ± 1.1 6 * 2.60±0.38 
Table 5.3.9: Change in leukocyte cell-subpopulations relative percelltage (as percentage of IOta l leukocytes) fo llowil/.g interll/illen.t sh.ulIle 
running fo r placebo and vilClmin C supplementation (means ± SEM). * dijj'erent}i"ompre-exercise (p <0.05). #dijj'erent between 
groups at a specijic time point. 
Cell type Group PT Pre-exercise Ih 24h 
Lymphocytc PI 35.3 ± 3.9 35.9 ±4.S 18.5 ± 2.9 * 35. 1 ± 2.6 
Vc 36.2 ± 5.8 38 .6 ± 3.2 16.9 ± 2.5 * 34.7 ± 2.6 
Monocyte PI 7.0 ±0.7 7.7 ± 0.6 6.2 ±0.4 8. 1 ±0.5 
Vc 8. 1 ±0.6 8.9 ± 0.5 7.5 ± 0.6 8.8 ± 0.5 
Neutrophil PI 54.9 ± 3.9 53 .2 ± 4.7 76.8 ± 3.5 * 54.3 ± 2.9 
Vc 53.6 ± 5.6 49.3 ± 2.8 74.8 ± 3.0 * 55.0 ± 2.8 
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Table 5.3.11 : Change in phagocytosis alld re.l'piratol), burst (pe rcel1lage total cell populatioll activity and relative activity per cell) pre-
treatfllent (PT) alld following illtermillellt shullle-rulllling for placebo and vitamin C supplementation (means ± SEM). * different 
FOil! !He-exercise (p<O.05). # different between groups at a specific time point. 
Cell type Functional measure G roup PT Pre-exercise Ih 24h 
Monocyte % phagocytos is PI 44.0 ±6.4 47.4 ± 3.6 54.3 ±4.9 5 1.5 ± 3.6 
Vc 42.1 ±5.4 48.0 ±4.3 49.4 ± 6.5 47.8 ± 5.2 
relati ve phagocytosis PI 68.4 ± 2.3 67.5 ± 9.7 71.7±8.9 65.5 ± 10.5 
Vc 60.6 ±6.2 68.0 ± 5.8 67 .9 ± 6.9 59.6 ± 7.3 
% oxidative burst PI 50.9 ±6.2 53 .9 ±6.8 60.0 ± 7.9 56.1 ± 5.9 # 
Vc 56.0 ± 5.4 53.2 ±5.8 50.6 ± 7.8 5 1.3±6.0 
relative oxidati ve burst PI 12.3 ±1.0 14.8 ± 1.7 17.7 ±2.1 14.1 ± 1.7 
Vc 14.8 ±2.1 14.7 ± 2.5 14.2 ± 2.3 14.4 ± 1.9 
Neutrophil % phagocytos is PI 75 .2 ± 2.8 71.7 ± 2.7 72.5 ± 4.0 82.2 ± 3.2 
Vc 74.5 ± 4.6 75.6 ± 3.0 70.0 ± 8.3 76.8 ± 2.3 
relati ve phagocytosis PI 142.1 ± 54.4 12 1.0 ± 22.7 92.9 ± 16. 1 142.9 ±45.7 
Vc 135.9 ± 42.4 148.5 ± 24.2 111.9 ± 15.7 • 155.4 ± 55. 1 
% oxidative burst PI 82.4± 7. 1 85.2 ± 3.0 80.6 ± 5.3 88 .9 ± 2.6 # 
Vc 90.8 ± 2.0 89.5 ± 1.8 78.9 ± 5.6 • 85 .9 ± 3.3 
relati ve ox idative burst PI 19.0 ± 6.0 23.7 ±9. 1 17.0±7. 1 25 .5 ± 8.3 
Vc 23.6 ±6.5 25.8 ± 9.2 16.4 ± 7.4 24.8 ± 7.3 
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5.3.11 Phagocytosis al/d respiratory burst 
There was no c hange in the percentage phagocytosis with either exercise or 
supplementation fo r either monocytes or neuu'ophils (Table 5.3. 11 ). Relati ve 
neutrophil phagocytosis was significantly lower (p<0.05) I h post-exercise ( 11 1.9 ± 
15.7) from baseline ( 148.5 ± 24.2) in the Vc group. This was not observed in the PI 
group. There was a decrease in both monocyte and neutrophil percentage oxidati ve 
burst, 24h post-exercise in the supplemented group, as compared to the PI (p<0.05), 
which did not change. Neutrophil percentage oxidative burst was reduced in the PI 
group (78.9 ± 5.6) Ih post-exercise from the pre-exercise value (89.5 ± 1.8) (p<0.05). 
This effect was not observed in the Vc group or on monocyte relati ve oxidative burst. 
5.3.12 Cell-surface adhesiol/ molecule expressiol/ 
The data for cell -surface adhes ion molecules fo r Iymphocytes , monocytes and 
neutrophils are presented in Table 5.3 .12a. There was no effect of supple mentation 
observed for any of the markers measured at any time-point. There were some effects 
of intermittent shuttle running exercise. All the significant effects of exercise were 
observed 24h post-exercise from the pre-exercise measurement. In the monocyte 
CDI 8+ population, both the PI and Vc groups showed decreased cell-surface 
express ion 24h post-exercise (PI ; 17.2 1 ± 1.48, Vc; 17.12 ± 1.32), (p<0.05). 
Neutrophil CDI 8 expression decreased 24h post-exercise in the Vc group only. 
Lymphocyte and monocyte CD62L expression was decreased 24h post-exercise in the 
Vc group onl y. Measured cell surface expression of C D62L was low for Iymphocytes, 
monocytes and neutrophils (below 3 fluorescence channels). There was a significant 
reduction in expression of Iymphocyte CD63 in both the PI group and Vc group 24h 
post-exercise (p<0.05). A decrease in CD63 fluorescence intensity from the pre-
exercise value was also observed 24h post-exercise in the monocyte Vc group and 
neutrophil PI group. 
There was no change in the ratio of CDI 8: llb for Iymphocytes , monocytes or 
neutrophils, either as a result of exercise or vitamin C supplementation. (Table 
5.3 .12b). 
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Table 5.3.12a: Cell-surface adhesion nwlecule expression (median 
fluorescence intensity) pre-treatment (PT) andfollowing 
intermittent shuttle-running for placebo and vitamin C 
supplementation (means ± SEM). * different from pre-exercise 
(p <0. 05). 
Adhesion Cell Group PT Pre-exercise Ih 24h 
marker type 
CD11b Lym PI 2.74 ±0.21 2.59 ±0.22 2.34 ± 0.11 2.71 ±0.21 
Vc 2.20 ±O.II 2.59 ±0.25 2.48 ±0.20 2.80 ±0.26 
Mono PI 11.02 ± 3.42 9.51 ± 1.77 9.75 ± 1.38 7.30 ±0.56 
Vc 8.90 ±2.32 9.84 ±2.03 9.70 ± 1.11 7.93 ±0.79 
Neu! PI 16.72 ± 2.08 13.44 ± 1.67 13.84 ± 0.93 15.31 ± 1.47 
Vc 12.00 ± 1.53 14.45 ± 1.52 14.66 ± 1.45 12.82 ± 1.18 
CDl8 Lym PI 6.27 ±0.95 7.49 ±0.73 6.10 ± 0.41 6.52 ±0.80 
Vc 7.86 ±0.95 7.48 ± 0.55 6.36 ±0.26 6.34 ± 0.41 
Mono PI 20.57 ±4.63 22.39 ±2.46 19.68 ± 1.59 17.21 ± 1.48 * 
Vc 21.11 ± 2.83 22.21 ±2.39 19.63 ± 1.56 17.12 ± 1.32' 
Neu! PI 15.25 ± 1.06 15.91 ± 1.45 14.82 ± 0.76 14.71 ± 0.97 
Vc 14.80 ± 1.15 16.01 ±0.94 15.39 ± 0.70 12.98 ± 0.75 * 
CD54 Mono PI 0.88 ± 0.12 0.80 ±0.07 0.77 ±0.03 0.75 ±0.04 
Vc 0.89 ±0.01 0.79 ±0.1O 0.77 ±0.04 0.77 ±0.05 
CD62L Lym PI 1.54 ± 0.60 1.79 ± 0.32 1.45± 0.27 1.41 ± 0.24 
Vc 1.98 ± 0.59 2.59 ±0.52 2.11 ± 0.46 1.38 ± 0.25 * 
Mono PI 1.20 ± 0.39 1.28 ± 0.23 1.26 ±0.24 1.30 ± 0.24 
Vc 1.55 ± 0.32 2.06 ±0.39 1.66 ± 0.22 1.27±0.19* 
Neu! PI 1.78 ± 0.36 2.23 ± 0.27 2.03 ±0.26 1.98 ± 0.22 
Vc 2.54 ±0.28 2.61 ± 0.33 2.56 ± 0.17 1.75 ± 0.20 
CD63 Lym PI 0.28 ±0.05 0.61 ±0.07 0.52 ± 0.05 0.48 ±0.02 * 
Vc 0.61 ±0.08 0.58 ± 0.D4 0.70 ± 0.21 0.48 ±0.03 * 
Mono PI 2.27 ±0.36 3.16 ± 0.48 3.31 ± 1.03 2.01 ± 0.17 
Vc 3.34 ± 0.75 5.55 ± 1.84 3.06 ±0.89 2.85 ±0.66 * 
Neu! PI 0.94 ±O.l6 1.90 ± 0.71 1.16 ± 0.15 0.85 ±0.10 * 
Vc 2.01 ±0.79 1.36 ± 0.14 1.18 ± 0.12 1.56 ± 0.55 
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Table 5.3.12b: 
Cell Group 
type 
Lym PI 
Vc 
Mono PI 
Vc 
Neut PI 
Vc 
CD18:CDllb ratio (median fluorescence intensity) pre-
treatment (PT) andfollowing intermittent shuttle running for 
placebo and vitamin C supplementation (means ± SEM). 
PT Pre·exercise Ih 24h 
15.9 ± 1.9 18.4 ± 1.1 16.8 ±0.8 15.9 ± 1.6 
19.7 ± 1.0 19.7 ± 0.7 17.8±0.5 16.8 ± 0.8 
15.9 ± 1.4 15.7 ±2.2 15.4 ± 1.0 15.1 ± 1.1 
15.4 ± 1.1 15.0 ± 2.1 15.8 ±0.8 13.1 ± 0.8 
10.2 ±2.8 9.2 ± 1.7 9.4 ± 1.4 7.0 ±0.5 
8.6 ± 2.2 8.8 ± 1.8 9.6 ± 1.1 7.7 ± 0.7 
5.3.13 CD4:8 ratio, CD45ro, HIA-dr 
There was no effect of supplementation or intermittent shuttle running on lymphocyte 
CD4:8, CD45ro+, or CD4+CD45ro+ expression or on monocyte and lymphocyte HLA-
dr+ cell-surface expression (Table 5.3.13). 
Table 5.3.13: CD4:8, CD45ro+, CD4+CD45ro+, HIA-dr+ (median fluorescence 
intensity) pre-treatment (PT) and following intermittent shuttle running 
for placebo and vitamin C supplementation (means ± SEM). 
Parameter Cell Group PT Pre-exercise Ih 24h 
type 
CD4:8 Lym PI 1.38 ± 0.09 1.42 ± 0.12 1.62 ± 0.21 1.37 ± 0.11 
Vc 1.11 ±0.13 1.57 ± 0.12 1.66 ± 0.20 1.54 ± 0.22 
CD45ro+ Lym PI 30.85 ±4.27 29.27 ± 3.77 31.57 ± 3.23 30.37 ± 3.18 
Vc 28.84 ±3.60 26.59 ± 4.36 31.67 ± 3.79 27.70 ± 2.93 
CD4+CD45ro+ Lym PI 66.13 ±6.72 59.05 ± 8.45 61.73 ± 6.10 62.16 ± 4.67 
Vc 56.07 ±5.77 52.41 ± 7.19 54.39 ± 3.92 48.87 ± 3.65 
HLA-dr+ Lym PI 34.85 ± 2.35 27.87 ± 3.22 33.70 ±4.08 26.61 ± 3.46 
Vc 30.95 ±4.62 25.16 ± 2.09 31.59 ± 3.86 26.90± 2.91 
HLA-dr+ Mono PI 8.54 ± 1.82 7.47 ± 1.13 8.04 ± 0.74 6.27 ±0.71 
Vc 8.31 ±0.96 7.46 ± 1.04 7.77 ± 0.46 7.28 ±0.64 
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5.4 Discussion 
The aim of the present study was to assess the effect of intermittent shuttle running on 
muscle damage and biomarkers of immune status, and to investigate whether oral 
supplementation with vitamin C would modulate any observed muscle or immune 
perturbations. The main findings were; 
Following intermittent shuttle running there was an increase in muscle damage 
markers, cytokines and totalleukocyte counts 
An exercise-related decrease in expression of some of the cell-surface 
adhesion molecules measured 24 h post -exercise. There was no effect of 
vitamin C on these markers. 
A post-exercise reduction in myoglobin, a decreased loss of maximal 
voluntary contraction and reduced cortisol and uric acid concentrations in the 
vitamin C supplemented group 
There was a significant reduction 1 h post-exercise in neutrophil relative 
phagocytosis and percentage oxidative burst following vitamin C 
supplementation 
There was no effect of vitamin C on post-exercise cytokine concentrations 
5.4.1 Plasma vitamin C 
Following the supplementation period, the concentration of plasma vitamin C was 
significantly higher (p<0.05) pre-exercise in the supplemented group (Vc) as 
compared to the placebo (PI) group. Saturated plasma vitamin C concentration is 
reported to be in the range of 70-80 ~mol.rl (Levine et al., 1996). In this study, the 
average pre-exercise supplementation plasma concentration was approximately 90 
J..lmol.rl. Data from Levine et al. (1996) indicate that with a 60 mg daily dose of 
vitamin C, plasma levels of ascorbic acid are saturated after 3 weeks and remained 
stable thereafter. There are no data available on the saturation kinetics for the cellular 
stores of vitamin C in humans. Based on the plasma responses; a minimum period of 
3 weeks of vitamin C supplementation may be necessary for the saturation of cellular 
stores of vitamin C. If this hypothesis is correct, a longer supplementation with 
vitamin C may have resulted in greater modulation of post-exercise responses, as 
demonstrated by the Thompson et al. (2001b) 14 day intervention study. The UK 
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recommended daily intake to prevent disease is 60 mg per day. This is equivalent to 
less than 1 mg of vitamin C.kg- I of body weight for the average adult (Johnston, 
1999). At single doses of 500 mg of vitamin C, bioavailability declines and the 
absorbed amount of vitamin C is excreted (Levine et al., 1996). Bioavailability studies 
recommend 200 mg vitamin C per day as the recommended dietary allowance (Levine 
et al., 1996). A lower dose, for a longer supplementation period may provide the 
optimal dosing strategy. 
In plasma, vitamin C is a potent antioxidant and is the first to be depleted on exposure 
to peroxyl radicals and other types of oxidative stress (Frei et al., 1989; Frei, 1991). In 
this investigation there was a significant increase in plasma vitamin C concentration 
in both groups following exercise. This may be a result of the release of ascorbate 
from tissue sites, such as the adrenal glands, leukocytes or erythrocytes. The 
significantly higher concentrations of vitamin C post-exercise in the treatment group 
leads to the suggestion that this group may have more effective in vivo radical 
scavenging properties from an additional buffering capacity to neutralise the ROS. 
Following the complete oxidation of vitamin C (as ascorbate), a-tocopherol, bilirubin, 
urate and plasma protein thiols are subsequently oxidised by reactions with ROS 
(Viguie et al., 1993). 
Additional buffering capacity of vitamin C removes the need for depletion of the 
secondary ROS scavenging stores. At 48h post-exercise, both groups had the same 
plasma concentrations of vitamin C. The placebo group concentration had returned to 
pre-exercise baseline value, whereas the concentration for the vitamin C 
supplemented group had reduced to a level below pre-exercise concentration. This 
indicates that more vitamin C was utilised by the supplemented group, as more was 
available, and that there was insufficient plasma vitamin C concentration in the 
placebo levels. This suggests that additional endogenous and exogenous antioxidant 
pools had to be drawn upon in the placebo group to neutralise the free radicals 
produced in response to the exercise stress. 
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5.4.2 Muscle damage, function & soreness 
There were significant increases in the plasma concentrations of myoglobin and 
creatine kinase in the post-exercise period as a result of intermittent shuttle running. 
Supplementation with vitamin C resulted in a significant reduction in plasma 
myoglobin concentration Ih post-exercise, consistent with the results presented in 
Chapter 4. However, in the current study there was no difference between the two 
groups for creatine kinase concentration. The peak concentration of creatine kinase 
24h post-exercise was 864U.rl, which is considerably lower than the peak 
concentration of 1440U.rl recorded for the placebo group presented in Chapter 4. This 
may be accounted for by the lower amount of eccentric activity involved in shuttle 
running, as compared to downhill running, resulting in less mechanical stress and 
disruption to the sarcolemma. For this anaIyte, the intensity and mode of exercise may 
be more significant than the duration of the exercise test. 
Both myoglobin and creatine kinase are myofibrillar proteins thought to be released 
from damaged muscle. The two proteins have different transit times and half-lives; 
myoglobin is cleared within a few minutes from the circulation (Klocke et ai., 1982), 
whereas the half-life for creatine kinase is approximately ISh (Neumeir et al., 1981). 
Due to differential responses to vitamin C intervention, data from the current study 
suggest that these proteins may be released from different cellular compartments or by 
different mechanisms. 
Maximal voluntary contraction (MVC) force of both the leg flexors and extensors was 
decreased as a result of intermittent shuttle running exercise immediately following 
exercise and 24 and 48h post-exercise. The loss of muscle force in this study is 
consistent with other shuttle running studies (Thompson et ai., 2001a). This functional 
muscle assessment may provide a better measure of muscle damage than biochemical 
measures (Warren et ai., 1999). The decrease 24 and 48h post-exercise can be 
attributed to the muscle damage and inflammation that occurs as a result of the 
damaging exercise. The loss of muscle function immediately post-exercise may be 
due to fatigue (Clarkson et al., 1992; AlIen, 2001) as there is a lag time in the 
manifestation of tissue and inflammatory damage. It is unlikely to be due to 
dehydration as a direct result of the exercise, as water was supplied ad libitum 
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throughout the exercise regime and there were no significant changes in plasma 
volume. Due to their size, muscle damage proteins have a relatively slow transit time 
into the serum. The muscle damage that has occurred during exercise may already be 
having a detrimental affect on muscle force that is undetected by the selected 
surrogate muscle damage markers. 
Subjects supplemented with vitamin C had improved muscle function, as measured by 
MVC, 96 and 168h post-exercise over that of the placebo group. This finding is 
consistent with that of Jakeman and Maxwell (1993), who demonstrated improved 
muscle function following supplementation for twenty one days with 400 mg per day 
of vitamin C after 60 min of box-stepping exercise. The LIST model is more 
reflective of everyday sports and confirms this benefit with vitamin C in a more 
realistic context. Vitamin C is involved in the biosynthesis of the connective tissue 
proteins, pro-collagen and elastin (Ficek, 1997; Pandipati et aI., 1998) and exerts a 
role in protecting collagen from degradation, possibly through increased hydrolase 
activity (Ficek, 1997). This leads to the suggestion that it is this role of vitamin C in 
the maintenance of cellular integrity, in addition to its role as an antioxidant, which is 
demonstrated by improved muscle function. However, it is unclear whether 9 days of 
vitamin C supplementation would affect mature collagen turnover, which has a 
reported half-life of several months (Kivirikko, 1970). 
The perception of muscle soreness was increased following intermittent shuttle 
running, in agreement with previous studies employing the same intermittent shuttle 
running model (Thompson et aI., 1999; Thompson et al., 2001b). There was no effect 
of supplementation on muscle soreness in the current study, unlike the Thompson et 
al. (2001b) study that trended towards a decrease. However, muscle soreness trended 
towards being lower in the vitamin C supplemented group. Kaminski and Boal 
(1992), found that 3 days of 3 g of vitamin C supplementation per day prior to 
exercise resulted in less delayed onset muscle soreness than a placebo. Muscle 
soreness is a subjective measure, based on an individual rating their soreness, and so 
may lack sensitivity in the assessment of subtle changes in muscle soreness. A 
mechanical measure of soreness such as pressure tolerance tests may provide more 
consistent data. 
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5.4.3 Cytokines 
In response to ROS production, cytokines are rapidly up-regulated at both the 
translational (Dinarello, 1999; Keller et al., 2001) and the post-translational level 
(Dinarello, 1999). Exercising muscle has been described as the major source of the 
exercise-induced IL-6 secretion (Ostrowski et al., 1998b; Steensberg et al., 2000; 
Keller et aI., 2001; Febbraio & Pedersen, 2002). Traditionally, IL-6 has been 
considered purely as a pro-inflammatory cytokine and is the cytokine most 
consistently elevated in response to trauma (Biffl et aI., 1996). Although IL-6 displays 
pro-inflammatory properties, it also possesses some anti-inflammatory properties 
(Curfs et aI., 1997; Pedersen et al., 2001b), which suggests that there may be different 
isoforms of the protein with different activities and tissue targets. 
In the current investigation, plasma concentrations of IL-6 were elevated Ih post-
exercise to a peak concentration of 6.9 pg.ml,l, This concentration was greater than 
the peak value of 3.05 pg.ml,l that was recorded following downhill running (Chapter 
4), suggesting that the LIST protocol is more metabolically demanding. This peak 
concentration is still low when compared to other studies that have employed the 
LIST exercise model; the peak concentrations recorded by Thompson et al., in two 
separate studies, were approximately 22 pg,rnl,l (Thompson et al., 2001b) and 15 
pg.rnl,l (Thompson et al., 2003), One explanation for this observation may be the 
training status and fitness of the subjects recruited, Upon further investigation, the 
subjects recruited into the current study carried out, on average, 6 weekly exercise 
sessions, as compared to the Thompson et al. (2003) study, where subjects carried out 
an average of 3.5 sessions a week, In both studies the participants were habitually 
active in a range of sports and were not familiar with the exercise protocol. It may be 
that the subjects recruited into the current study were more accustomed to the 
movements and physical stressors of the type of exercise employed in the LIST 
model. Therefore, they may have physiologically adapted to this type of stressor, 
which resulted in lower peak concentrations of IL-6, Mb and CK. Overall fitness, as 
measured by V02max, was similar between the two studies. Fitness would not be 
expected to influence the data significantly as the LIST protocol was individualised to 
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each subject's maximal oxygen uptake, and the intensity of the exercise standardised 
to an individual's fitness levels. 
In the current study there were significant exercise-induced cytokine responses, 
consistent with several reported exercise studies (IL-IO; Northoff & Berg, 1991; 
Ostrowski et al., 1999; Suzuki et al., 2000. IL-lra; Drenth et al., 1995; Ostrowski et 
al., 1998a; Henson et aI., 2000. IL-6; Northoff et al., 1994; Pedersen et al., 1998; 
Ostrowski et aI., 1999; Suzuki et al., 2000). However, there was no effect of vitamin 
C supplementation on any of the cytokines analysed. Thompson et al. (2001 b), 
reported that 2 weeks of supplementation with 400 mg per day of vitamin C reduced 
post -exercise circulating IL-6 concentration following intermittent shuttle running. 
Supplementation with an antioxidant mixture containing 1000 mg of vitamin C, 
followed by 45 min bicycle exercise, reported blunted serum IL-6, IL-l P and TNFu 
concentrations (Vassilakopoulos et aI., 2003). It has been suggested that muscle 
damage is caused by the underlying mechanism of exercise-induced IL-6 production 
(Camus et al., 1993; Camus et aI., 1994; Hellsten et aI., 1997a). The absence of a 
modulatory effect of vitamin C on IL-6, in association with reduced concentration of 
myoglobin and improved MVC with vitamin C suggests that muscle damage is 
multifactorial, or indeed is independent of IL-6. This conclusion is in agreement with 
the findings of Crossier et al. (1999). 
Vitamin C was found to have no effect on circulating levels of IL-6 after a 2.5h run 
(Nieman et aI., 1997b). The reason behind this conclusion is unclear as this result may 
have been a consequence of the carbohydrate that was administered during exercise, 
which may have masked potential effects of the vitamin C and confounded the data. 
Neiman et al., (2000a), later suggested that 1500 mg of vitamin C taken 7 days prior 
to an ultramarathon lead to a decrease in IL-l ra, IL-I0 and trended towards a decrease 
for IL-6. However, the validity of these data must be considered with caution as the 
placebo data was pooled with the data from a group supplemented with 500 mg 
vitamin C per day, due to a lack of statistical effect. There is evidence to suggest that 
post-exercise supplementation is ineffective; a post-exercise vitamin C intervention 
study by Thompson et al. (2003) failed to show any modulation in either IL-6 
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responses or markers of muscle damage, as did an acute dose administered on the day 
of exercise (Thompson et al., 2001a). 
There was no exercise response observed for TNFu, consistent with other studies 
(Smith et al., 1992; Smith et al., 2000; Suzuki et al., 2000; Nieman et a!., 2001). This 
is in contrast to strenuous, aerobically biased studies (Sprenger et al., 1992; Northoff 
et a!., 1994; Ostrowski et a!., 1999). One reason for the lack of a TNFu response in 
this study, may be that the TNFu in plasma may have bound to soluble TNFu 
receptors shed into the circulation and formed an inactive complex. The assay used in 
the present study measured only biologically active TNFu, which would yield lower 
levels than assays that measure both the active and bound forms of TNFu. 
There is conflicting evidence for the effects of vitamin C on exercise-induced immune 
stress. This may be attributed to the reporting of different exercise models, selection 
of subjects and measurement techniques. 
5.4.4 Corlisol 
There are several commercially available assays for the measurement of cortisol; 
some that measure total cortisol, which is a measure of both free and bound cortisol, 
and others that provide a measure of the free, active molecule. A number of factors 
can affect the measurement of cortisol including sampling time, exercise duration and 
intensity and emotional and psychological stress (Poland & Rubin, 1982; Burke et al., 
1985; McCracken & Poland, 1989). It has been suggested that the 'gold standard' 
cortisol measurement that best reflects cortisol production rate is a measurement of 
24h urinary free cortisol (Neary et al., 1994), as this has been shown to be a sensitive 
measure of cortisol production (Villanueva et al., 1986). However, 24h urine 
sampling is laborious, inconvenient and unpopular with study subjects. In this 
investigation the utility of using salivary cortisol as a measure for free cortisol was 
tested, as this is a non-invasive procedure. There was a significant increase in salivary 
cortisol Ih post-exercise but no effect of vitamin C intervention was observed. The 
post-exercise increase in cortisol is due to stimulation of the hypothalamic-pituitary 
axis during exercise (Mackinnon, 1999). This causes the release of 
adrenocorticotropic hormone (ACTH) and the release of glucocorticoids into the 
211 
circulation. Cortisol can exert a temporary immunosuppressive effect (Khansari et aI., 
1990) via the activation of the synthesis of immuno-modulatory polypeptides. This 
activation is via the interaction of the glucocorticoid/glucocorticoid receptor 
complexes with glucocorticoid response elements on the promotor regions of steroid 
responsive genes, as well as by the inhibition of NFKB and AP-l (Hansen et aI., 
1991). 
Previous studies have shown that salivary and serum cortisol concentrations are 
significantly correlated (Vining et aI., 1983; O'Connor & Corrigan, 1987; Stupnicki 
& Obminski, 1992; del Corral et aI., 1994). An increase in serum cortisol may result 
both from an increase in cortisol production and secretion, and from a decrease in the 
rate of cortisol removal due to binding clearance, or a combination of these factors 
(del Corral et al., 1994; Neary et aI., 1994). It has been suggested that salivary cortisol 
accurately reflects the unbound (free) cortisol concentration in urine and total cortisol 
in serum (Neary et al., 2002). 
In the current study, the serum measurement of free cortisol concentration was higher 
than for total serum cortisol. There was no exercise response observed for the free 
serum cortisol concentration. This is in contrast to the salivary free cortisol 
concentration. Salivary flow rate was not calculated in this study, this might provide 
some of the explanation of the exercise-induced increase in this analyte. It is possible 
this may be an artefact of reduced saliva flow after exercise. Because of these issues, 
serum may prove a more accurate assay biofluid for the measurement of free cortisol. 
Calculations of plasma volume are simple to make and correct for, whereas salivary 
flow rate is more complicated. In the present study there was no significant change in 
plasma volume. The measurement of salivary cortisol has been suggested as a suitable 
measure that represents the unbound cortisol. Its concentration is independent of the 
corticosteroid-binding globulin that is found in blood (Vining et aI., 1983; Neary et 
al., 2002). Neary et al. (2002) found that at rest and under conditions of recovery from 
exercise training there was a strong relationship between serum and salivary cortisol 
(R=0.99), however, in the current study there was a poor correlation (R=O.49). 
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One hour post-exercise there was a significant increase in total serum cortisol 
measured in the placebo group. The concentration of total cortisol was significantly 
lower in the vitamin C group. Thompson et al. (2001 b) reported that serum cortisol 
concentrations trended to be lower, post-shuttle running, in a group supplemented 
with vitamin C (400 mg per day, 14 days pre-exercise), although not significantly so 
(p=O.08). Nieman et al. (2000a) also suggest that post-exercise cortisol responses are 
reduced with vitamin C intervention following ultramarathon, as does the study by 
Peters et al. (200lb) (1000 mg, 7 days pre-exercise). The production of cortisol by 
adrenocortical cells, in response to ACTH is linked to the release of vitamin C 
(Goralczyk et al., 1992). Vitamin C is stored in the adrenal glands at high 
concentrations (30-40 mg per 100 g of tissue) (Peake, 2003). Mobilisation of vitamin 
C from the adrenal glands, as a component of the adaptive response to oxidative 
stress, may be coupled to the increased production of cortisol (Peters et al., 200 1 b). 
This is likely to counter inflammation-mediated tissue damage, which may be 
attenuated with vitamin C supplementation. 
5.4.5 Uric acid 
Uric acid concentration increased significantly in both groups Ih post-exercise and 
remained elevated for the placebo group 48h post -exercise. Concentration in the 
vitamin C group was significantly lower than the placebo group I, 24 and 48h post-
exercise, suggestive of a reduced level of oxidative burden in this group. Uric acid has 
a role as an endogenous antioxidant. The data from this study suggest that vitamin C 
supplementation reduces the requirement for the body to utilise its stores of uric acid. 
The plasma urate changes may be due to the effect of exercise and ascorbate on renal 
excretion of urate (Yanai & Morimoto, 2004). Other similar studies have shown a 
reduction in uric acid with vitamin C supplementation post-exercise (Maxwell et al., 
1993; Yanai & Morimoto, 2004). The precise mechanism of how urate provides 
antioxidant protection is unknown, however, evidence suggests that uric acid may 
preserve ascorbate by chelating metal ions such as iron and copper (Hochstein et al., 
1985; Sevanian et al., 1991; Davies, 2004). 
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5.4.6 Oxidative damage 
Isoprostanes are considered to be markers of metabolic oxidati ve damage (Roberts & 
Morrow, 2000). Data from the current study suggest that the LIST model places the 
body under metabolic stress, as observed by increased cytokines and muscle damage 
markers. This is not reflected in the urinary 8-F2-isoprostane measurements. This may 
be because the urine samples were on-the-spot samples as opposed to overnight 
samples, which would be more representati ve of the overall in vivo condition. 
Data from Steensberg et al. (2002) showed a significant increase in serum 
isoprostanes during 2.5 hours running at 75% V02max. This increase reverted back to 
baseline when the exercise period was completed. Mastaloudis et al. (2001) reported a 
43% increase in F2-isoprostanes following a 50km marathon, where levels returned to 
baseline 24h post-exercise. The changes in isoprostanes as a result of exercise occur 
rapidly during and immediately post-exercise (Steensberg et aI., 2002). The sampling 
points in the current study for this marker probably miss the measurement window. 
Earlier sampling immediately post-exercise may provide an opportunity to observe 
changes. Nieman et al. (2002) reported no effect of vitamin C on plasma F2-
isoprostanes in response to exercise, or in a follow-up study (McAnulty et aI., 2004). 
The acute and chronic physiological and biochemical effects of increased F2-
isoprostanes after exercise are not currently known. High concentrations of F2-
isoprostanes are found in patients after cardiac arrest, in diabetics and in smokers 
(Morrow & Roberts, 1997). The accepted measurement of 8-F2-isoprostane is by GC-
MS (Liu et aI., 1999a). The method used in the current study was a fluorescent-
labelled antibody assay and is currently being validated against GC-MS in 
collaboration with Morrow et al. (internal communication). 
5.4.7 Leukocyte counts 
Totalleukocyte counts increased Ih post-exercise, consistent with a body of literature 
and the previous study (Chapter 4) (Foster et al., 1986; Fitzgerald, 1988; McCarthy & 
Dale, 1988; Gabriel et al., 1991; Fry et al., 1992; Hoffman-Goetz & Pedersen, 1994; 
Iversen et al., 1994b; Pedersen et al., 1996; Singh et al., 1996). In the current study, 
peak counts for the placebo group (8.7 x 109 cells.r!) were elevated as compared 
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those for the PI group in the downhill running study (5.4 x 109 cells.rl) reported in 
Chapter 4. This suggests that, in accordance with increased circulating cytokine 
concentrations, the LIST exercise protocol is more metabolically demanding (average 
intensity 75 % V02max) and places a higher burden on the immune system than 
downhill running (average intensity 70 % V02max). The LIST is also 30 min longer 
in duration than downhill running The higher leukocyte count is accounted for by the 
increased neutrophil counts, again higher in the current study than for downhill 
running (placebo counts 5.79 x 109 neutrophils.rl for the LIST study, 3.44 x 109 
neutrophils.rl for the downhill running study). 
Interestingly, the relative proportions of leukocytes differ from the downhill running 
study (Chapter 4). Neutrophil relative proportions of the total leukocyte count are 
higher in the present study than observed for downhill running. Consequently, the 
Iymphocyte proportion is lower than reported in Chapter 4. It would appear that the 
more strenuous and prolonged the exercise regime, the greater the neutrophilia 
response (Ostrowski et aI., 1999; Nieman, 2000a; Suzuki et aI., 2003a). A study by 
Jilma et al. (1997) reported a higher neutrophil count following endurance exercise 
(lh) than after ergometry (to exhaustion), and suggested that not only is the intensity 
of exercise a factor but that the duration of exercise is a determinant of neutrophil 
counts. It has been suggested that exercise-induced neutrophilia may contribute to 
oxidative stress (Quindry et al., 2003). 
The cell number and relative proportion changes measured were transient and counts 
returned to baseline by 24h post-exercise. Most studies sample blood only a few times 
after exercise (for example, immediately after and at one other time point post-
exercise). Exercise studies that have included more frequent and longer duration post-
exercise sampling suggest that neutrophil number may exhibit a biphasic response 
with an initial increase during or immediately after exercise, followed by a return to 
resting values between 30 and 60 min post -exercise and a second increase in cell 
number beginning 1-2 hours post-exercise (Hansen et aI., 1991). The second 
leukocytosis is considered to be mainly caused by the release of newly synthesised 
neutrophils from the bone marrow, initiated by the high cortisol and adrenaline levels 
that accompany exercise (Gray et al., 1993b; Pedersen et al., 1997). 
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In this investigation, there was no effect of the exercise on natural killer cell numbers. 
This is in contrast to the downhill-running study, where a reduction in numbers Ih 
post-exercise was observed. This suggests that following eccentrically-biased exercise 
natural killer cells are rapidly removed from the circulation to required damaged sites, 
(for example, injured muscle tissue) but not following intennittent shuttle running. 
Several other intense exercise studies have reported changes in NK counts during or 
immediately post-exercise, with a return to baseline by Ih post-exercise (Nieman et 
al., 1990; Camus et aI., 1992; Fry et al., 1992; Nieman et aI., 1992; Gray et al., 
1993a; Nielsen et al., 1996a). 
In the current study there was no change in CD4:CD8 ratio in response to exercise. 
Generally, CD8 counts are lower than CD4 counts and exercise may result in a 
decline of the CD4:CD8 ratio because the percentage decrease from pre-exercise in 
CD8 counts post-exercise is greater than the relative changes in CD4 counts (Shek et 
al., 1995; Nielsen et aI., 1996a; Hinton et al., 1997; Shephard & Shek, 1999; Nemet et 
al., 2004). There was no change in the expression of HLA in the lymphocytes in 
response to exercise. HLA is an acute activation marker present on activated T cells. 
A 1997 study (Gabriel et al., 1997), reported no significant increase in HLA-dr 
positive T cells following exercise, measured seven days post-exercise. There was no 
effect of vitamin C supplementation on any of the cell count parameters measured. 
This suggests, that although vitamin C appears to modulate muscle damage markers, 
cell responses are more resistant to physical stressors and therefore unaffected by 
supplementation. 
5.4.8 Phagocytosis and respiratory burst 
Phagocytes are the first line of defence In the removal of pathogens. Although 
phagocytosis is a natural, essential function, it has been suggested that the consequent 
reactions that are initiated resemble the acute phase response to infection (Cannon & 
Blumberg, 2002). This is modulated through the action of cytokines, perpetuating the 
inflammatory response (Shephard & Shek, 1998). This inflammatory cascade has 
been linked with reduced muscle function post-exercise (MacIntyre et aI., 1995; 
Lundberg, 2001; Lapointe et al., 2002). Phagocytic cells are protected by antioxidant 
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enzymes and intracellular antioxidant stores. Dietary supplementation with vitamin C 
was hypothesised to influence monocyte and neutrophil antioxidant enzyme defences. 
The percentage of both monocytes and neutrophils undergoing respiratory burst was 
significantly lower in the vitamin C supplemented group 24h post-exercise, although 
the magnitude of the burst per cell remained unchanged. In the downhill running 
study (Chapter 4), there was a significant decrease in neutrophil oxidative burst 
percentage with Vc intervention, but not in the monocytes. In the present 
investigation, neutrophil relative phagocytosis and percentage oxidati ve burst was 
lower in the vitamin C group Ih post-exercise compared to pre-exercise values. There 
was either a decrease in neutrophil function or no change as a result of exercise, 
therefore, in this study these functional measures cannot be attributed to delayed onset 
muscle soreness and loss of function post-exercise. The impairment of neutrophil 
function post-exercise has been suggested to play a role in increased susceptibility to 
upper respiratory tract infection (URTI) in athletes (Nieman, 1997c). 
Altered neutrophil function has been associated with a dietary restriction of ascorbate 
(Jacob et aI., 1991). Studies involving treatment with vitamin C report an 
improvement in neutrophil function in patients with recurrent furunculosis and the 
prevention of UR TI following strenuous exercise (Peters et al., 1993; Levy et aI., 
1996). A study by Krause et al. (2001) investigated the effect of 2g of vitamin C 
supplemented for 1 week prior to a biathlon. They observed a significant reduction in 
phagocytosis per neutrophil and in neutrophil burst; but did not observe any effect of 
vitamin C on this post-exercise response. To date, there are disparate findings on the 
phagocytic and oxidative burst capacity of monocytes and neutrophils following 
exercise (Peake, 2002). Conflicting data arise from studies utilising different exercise 
protocols and subject pools and inter-individual variation. It would appear that the 
functional capacity of phagocytes is highly conserved and that high concentrations of 
intracellular antioxidant buffer the cells against oxidati ve stress. 
5.4.9 Adhesion 
It was postulated that there would be an up-regulation of cell-surface adhesion 
molecules as a consequence of post-exercise increased neutrophil migration into the 
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circulation. There was no observed modulation of either cell-surface expression of 
CD54 (ICAM-l) or sICAM-l in the present study. This indicates that whilst some 
markers of an inflammatory response were elevated, for example, IL-6, there was no 
effect on endotheial adhesion. In contrast to this, the study by Baum et al. (1994), 
reported that both plasma and surface expression levels of ICAM -1 correlated with 
inflammatory activity. Endotheial cells may require exposure to higher levels of 
oxidati ve stress, or a more chronic stimulus before there is a change in adhesion 
expression. Jilma et al. (1997) reported only a small elevation in circulating soluble 
cellular adhesion molecules following 1 h of endurance exercise, whereas Rehman et 
al. (1997) reported a significant increase in sICAM -1 concentration following a 
treadmill run to exhaustion. Other studies have also reported a post-exercise increase 
in sICAM-l (Tilz et al., 1993; Baum et aI., 1994). 
A down-regulation of cell-surface adhesion marker expression was observed in some 
of the selected markers 24h post-exercise. A treadmill study, conducted by Gault et 
al.,(1995), reported a significant decrease in the expression of both monocyte and 
neutrophil CD 11 b and CD 18 expression at the time of peak exercise. The modulation 
in expression in the current study was observed at 24h post-exercise only. De novo 
synthesis of integrin receptors takes several hours to occur (Smyth et al., 1993). This 
indicates that it is unlikely that synthesis would be detected following relatively short 
duration exercise. Synthesis of integrin adhesion receptors might contribute to 
changes in CD 11 b surface expression on granulocytes after prolonged exercise such 
as a marathon (Jordan et al., 1999). 
Several investigations have reported an increase in the cell surface density of both 
adhesion and signalling molecules on cells in circulation (Gray et al., 1993a; Jordan et 
al., 1997; Jordan et al., 1999; MaIm et aI., 2000). Data from both Jordan et al. (1997) 
and Gray (1993a) suggest that CD11b is up-regulated after short-term intense 
endurance exercise by about 10-20%. This suggests that some receptors may be 
internalised within the cell and rapidly migrated to the extracellular environment in 
response to a metabolic stressor. The 2-fold increase in integrin expression following 
a marathon race approaches the range observed in pathological conditions, such as 
some forms of vasculitis (Haller et aI., 1997). 
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Malm et al. (2004a) analysed the immuno-modulation in response to two consecutive 
soccer games. Unfortunately, these data are not directly comparable to the present 
study as there were no measurements taken after the first soccer game, only after the 
second. However, this study is the closest to the LIST in terms of other exercise 
models tested. They report an increased expression of adhesion molecules at 48h post-
exercise, although these values are presented as percentage changes, rather than 
absolute values. The delayed increase (24h post-exercise) in adhesion molecule 
expression in response to the LIST is in agreement with these findings. Aplin et al. 
(1998) suggest that this delayed change in adhesion molecule expression has the 
potential to influence exercise-induced adaptation processes via signalling by 
adhesion between circulating cells and the endothelium. Down-regulation of integrins 
on leukocytes could be a reason for the beneficial effects of endurance exercise on 
chronic vascular diseases. 
The azurophilic granules of non-stimulated neutrophils contain CD63. CD63 is 
strongly expressed on the surface of neutrophils following activation (Wright & 
Tomlinson, 1994). It is suggested that CD63 may be a marker for granule release 
(Abdel-Latif et al., 2004). In the present study, CD63 expression was either 
unchanged or decreased following exercise. This lack of neutrophil activation can be 
related back to the lack of change, or a decrease, in neutrophil phagocytosis and 
respiratory burst. 
In this current investigation, the LIST model did not provide sufficient stress to 
modulate adhesion markers considerably. In the absence of a modulated baseline, an 
effect of vitamin C intervention would be unlikely. In patients with endothelial 
dysfunction (intermittent claudication), vitamin C was administered by infusion 
(SOg.min· l for 20 min) followed by a sub-maximal exercise test. The exercise-induced 
changes in both flow-mediated dilatation and sICAM-l were abolished with vitamin 
C intervention (Silvestro et al., 2002), proving that vitamin C can modulate soluble 
adhesion molecules when elevated to a chronic state. Several classes of antioxidants 
have been reported to inhibit induced cell adhesion molecule expression including 
thiols, phenolics and flavonoids (Sen & Roy, 2001), although these studies have 
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mainly concentrated on ICAM-I and VCAM-l. Reduced cellular adhesion may result 
in reduced shear stress on the endothelial cells and better vascular flow. hnproved 
blood flow capacity to the skeletal muscles would allow more oxygen uptake and 
greater efficiency. If there is less stress placed on the system there is likely to be less 
damage. The testing of a more demanding exercise protocol may result in the 
modulation of adhesion molecule expression with antioxidant intervention. 
The training status of study subjects could be responsible for the lack of response. 
Maim et al. (2004a) concluded that soccer players with higher aerobic capacity 
experienced smaller changes in adhesion and signalling molecules after two 
consecutive soccer games. As the subjects taking part in the current study were 
habitually active, this may explain the small changes in cell-surface expression post-
exercise. Investigations with less fit subjects may result in greater modulation. 
Leukocyte counts and activation markers at rest have been reported to decrease in 
trained, compared to untrained individuals and, leukocytosis following exercise was 
blunted in trained subjects (McCarthy & Dale, 1988; Pyne et aI., 1995). The day-to-
day variability of soluble adhesion molecules has been reported to be up to 8%, with 
considerable inter-subject variability (Jilma et aI., 1994). Higher subject numbers may 
be required to record a statistically meaningful effect. 
Lack of an augmented cell-surface adhesion molecule expression suggests that the 
LIST protocol, whilst inducing inflammation and muscle damage, does not result in 
an endothelial stress response. An investigation of the immunological events in 
human blood and skeletal muscle after eccentric cycling has shown, by 
immunohistochemistry, that neutrophil CDllb expression was increased within 
skeletal muscle post-exercise (Maim et al., 2000). However, the implications of 
biopsy damage must be considered when interpreting such data. In blood, only minor 
increases of soluble endothelial adhesion molecules have been reported following 
exercise and the physiological relevance of these is unclear (Blue et al., 1993; Song et 
al., 1997). It is currently unclear as to the extent to which recreational exercise may 
influence adhesion molecules, both soluble and cell-surface expression. 
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5.4.10 Summary and conclusions 
In summary, the main findings of this intermittent shuttle running and vitamin C 
intervention study are that there were exercise-induced increases in the concentration 
of muscle damage proteins (CK, Mb), some cytokines (IL-6, IL-lO, IL-lra) and 
cortisol and a decrease in adhesion markers 24h post -exercise. There was a loss of 
muscle function and increased muscle soreness in the post-exercise period. There was 
no change in Fz-isoprostanes. This study examined in detail, the effects of intermittent 
shuttle-running exercise on cell adhesion markers. It can be concluded that this mode 
of exercise exerts only a small effect on some adhesion markers. However, the data do 
suggest that the cell adhesion system is well buffered against physiological stress and 
that a relatively high degree of stress must be placed on the system in order to 
modulate these markers. 
From this study it can be concluded that an intermittent shuttle running model 
provides a greater systemic stressor than downhill running. When compared to data 
from the downhill running study (Chapter 4) the post-exercise responses are higher as 
a result of the LIST. This suggests that the LIST is a more suitable model for dietary 
intervention studies as there is a greater window for modulation. The dampening of 
muscle damage markers, in the supplementation group, in the absence of an anti-
inflammatory effect, suggests that vitamin C is exerting a protective effect on skeletal 
muscle cells. As vitamin C is locally stored in the skeletal muscle tissue (Brown & 
Jones, 1996) it is probable that it is rapidly bio-available to quench oxidative damage 
at the physiological site of free radical action. The lack of modulation of the 
inflammatory response suggests that this system is highly protected. The circulating 
levels of cytokines in this study may not have reached a 'modulable threshold'. Other 
studies that report an effect of vitamin C on immune markers achieved greater 
circulating concentrations post-exercise (Peters et al., 200 la; Thompson et al., 
2001b). A greater induction of metabolic stress may be required before effects can be 
seen on the immune markers. However, vitamin C was associated with a decline in 
monocyte and neutrophil functional responses and so not all immune responses may 
require greater metabolic stress to result in modulation. 
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The acute oxidative and inflammatory stress responses characteristic of strenuous 
aerobic exercise are analogous to the stress responses observed after acute events such 
as myocardial infarct, ischaemic stroke, surgery and trauma (Nieman, 1997b; Fallon, 
2001; Cannon & Blumberg, 2002). Therefore, aerobic exercise provides a well-
controlled, non-invasive model to study the effects of antioxidant supplementation on 
acute oxidative and inflammatory stress. The findings from such research may be 
useful for the therapeutic intervention of chronic human diseases as well as in an 
exercise context (Mastaloudis et al., 2004). 
Vitamin C, as a source of antioxidant, has been supplemented in isolation in the 
current study. It may be prudent, in future studies, to investigate the effects of 
antioxidant combinations that incorporate both water and lipid soluble antioxidants. In 
conclusion, this present study supports, and builds on the evidence presented in 
Chapter 4 for the recommendation of vitamin C supplementation for the attenuation of 
post-exercise muscle damage. 
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CHAPTER 6 
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Influence of intermittent shuttle running and 6-weeks mixed 
antioxidant supplementation on immune and muscle damage 
markers 
6.1 Introduction 
The previous studies presented in this thesis have demonstrated the potential post-
exercise benefits of pre-exercise supplementation of vitamin C on indices of muscle 
damage (Chapters 4 and 5). The exact mechanisms of activity of many antioxidants 
are not fully elucidated. Many investigations have focused on the effects of a single 
antioxidant (section 2.8). There are only a few exercise studies that have investigated 
the effects of combinations of dietary antioxidants on post-exercise responses 
including those recently of Vassilakopoulos et al. (2003); Shafat et al. (2004) and 
Goldfarb et al. (2005). 
Chapters 4 and 5 focused on the supplementation of a single, water-soluble 
antioxidant. Many antioxidants are lipophilic, with vitamin E being one of the main 
fat-soluble antioxidants. Vitamin E can break lipid peroxidation chain reactions that 
occur during oxidative stress and free radical damage. Reduction of vitamin E leads to 
the formation of a vitamin E radical. Vitamin C interacts with the tocopherol radicals 
and regenerates reduced tocopherol (Ji, 1999; Clarkson & Thompson, 2000). The 
alpha tocopherol form of vitamin E has the most potent antioxidant activity (Traber, 
2000). Under normal dietary conditions vitamin E is present in a relatively low 
concentration in the tissues; with the majority of the a-tocopherol pool (over 90%) 
located in the adipose tissue within fat droplets (Burton & Traber, 1990). 
A pre-exercise supplementation regime combining both vitamin C and E may result in 
more efficient radical quenching and processing than with a single antioxidant in 
isolation. In vivo there are multiple sources of reactive oxygen species, for example, 
cytosolic NADH oxidase, xanthine oxidase, mitochondrial electron transport chain 
and membrane-bound oxidases (Ji, 1999; Vina et aI., 2000; Reid, 2001). The presence 
of mUltiple metabolic sources of ROS suggests that, in terms of their redox capacity, 
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different antioxidants will have different modes of action within different system 
compartments. Therefore, it was hypothesised that a combination of antioxidants may 
be more effective in the lowering the negative effects of ROS than a single 
antioxidant alone. 
Earlier studies presented in this thesis (Chapters 4 and 5) have reported significant 
improvements in measures of muscle damage and function following vitamin C 
supplementation. However, there was limited modulation of the exercise-induced 
immune response and inflammatory markers. Studies investigating the effects of 
vitamin E supplementation on the immune system post-exercise have reported a 
reduction in immune markers (Cannon et al., 1991; Hartmann et aI., 1995; Niess et 
al., 2002). In the current study, in addition to vitamin C and vitamin E 
supplementation, zinc, B6, B 12 and folate were also included in the supplementation 
formulation. These micronutrients were added as they are reported to be important for 
normal immune function (Kruse-Jarres, 1989; Ripa & Ripa, 1995; Salgueiro et al., 
2000; Gleeson et aI., 2001; Kemp et aI., 2002; Gleeson et al., 2004). Some of the 
most important functions of zinc are related to its antioxidant role and its participation 
in the antioxidant defence system (Salgueiro et al., 2000), and in the regulation of the 
immune response (Kruse-Jarres, 1989; Ripa & Ripa, 1995). Under conditions of stress 
and ageing, SOD metallothioneins preferentially bind to zinc. This reduces the 
bioavailability of zinc for normal immune function of many enzymes, including the 
endogenous antioxidants (Halliwell & Gutteridge, 2000). It has been suggested that 
there is an interaction between zinc and vitamin E for its antioxidant capacity (Kim et 
al., 1998). 
The investigation presented in Chapter 5 resulted in a down-regulation of monocyte 
and neutrophil function and a reduction in cell surface adhesion molecules 24h post-
exercise. The LIST is an intense exercise test; therefore it is plausible that there may 
be an increase in apoptosis and cell death as a result of the exercise. In addition to the 
cell analyses presented in Chapter 5, the inclusion of CD95 in the analysis may 
provide information on this for this specific exercise model. 
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Whilst there was no modulation of cytokine responses to exercise in the investigations 
presented in Chapters 4 and 5, mixed supplementation studies have documented the 
reduction of the cytokine response in response to an exercise challenge (PhiIIips et al., 
2003; Vassilakopoulos et a!., 2003; Fishcher et al., 2004). A reduction in C-reactive 
protein (CRP) was described following supplementation containing mixed 
tocopherols as part of the supplement (PhiIlips et al., 2003). Heat shock proteins (hsp) 
are inducers of pro-inflammatory cytokines and have been demonstrated to be down-
regulated in a run to exhaustion following vitamin E supplementation (Niess et al., 
2002). Therefore, CRP and hsp70 were included in the present investigation to assess 
whether the response to intermittent shuttle running could be modulated by the 
selected micronutrient intervention. In the measurement of cytokines, to date often the 
circulating protein is measured in isolation of the cytokine receptor. The measurement 
of circulating soluble IL-6 receptor and the cell surface IL-6 receptor, CD 126 will 
provide a comprehensive analysis on the profile of IL-6 in response to the LIST and 
may provide an insight as to the effects of micronutrient intervention on these distinct, 
but associated immune proteins. 
The investigations described within this thesis to date have included steady state 
serum cytokine profiles but not the functional capacity of the leukocytes to produce 
cytokines in response to exercise. In the previous study (Chapter 5) there was a down 
regulation of monocyte and neutrophil functional capacity in terms of phagocytosis 
and respiratory burst, in response to both the exercise challenge and the 
supplementation with vitamin C. Therefore it was hypothesised that the functional 
capacity of the leukocytes to produce cytokines may be altered in response to the 
exercise challenge. The incorporation of in vitro measurements in the present 
investigation may elucidate this. 
Most of the exercise supplementation studies reported to date are difficult to directly 
compare with each other due to difference in subject group, intervention protocol and 
analytes measured. The previous study (Chapter 5) utilised the LIST shuttle running 
model. The present study described within this chapter also employed the LIST model 
of exercise, to ensure continuity and to allow comparisons to be made between studies 
(Chapter 5). The aim of the current investigation was to determine whether a mixture 
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of water-soluble antioxidants, fat-soluble antioxidants and co-factors could modulate 
responses induced by damaging exercise, and to assess the impact of the antioxidant 
mixture on muscle and immune post-exercise responses as compared to 
supplementation with vitamin C alone (Chapter 5). 
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6.2 Materials & Methods 
6.2.1 Subject characteristics 
Thirty-eight males volunteered to participate in this study, which had approval from 
Loughborough University Ethical Committee. Individuals were required to complete 
a mandatory health questionnaire and provide written informed consent prior to 
participation in the investigation. They were also informed both verbally and in 
writing about the demands of the study. All participants were habitually active in a 
variety of sports. Subjects who smoked or took vitamin supplements were excluded 
from the study. The groups were matched for physical characteristics and activity 
levels (Table 6.2.1) 
Table 6.2.1 Physical characteristics of the supplementation groups (mean ± SD) 
Age (years) 
Height (m) 
Weight (kg) 
BMI (kg.m-2) 
Sum of 4 skinfolds (mm) 
V02max (mI.kg:1.min-1) 
Training session (per wk) 
6.2.2 Supplementation 
Placebo 
(n = 18) 
22±2 
1.80 ± 0.07 
79.4 ± 8.3 
24.5 ± 1.8 
35.5 ±8.7 
54.1 ± 4.8 
5±3 
Multi supplement 
(n = 20) 
22 ± 1 
1.79 ± 0.07 
77.4 ± 10.1 
24.1 ±2.6 
32.5 ±7.9 
55.1 ±4.0 
6±3 
Subjects were randomly assigned, in a double blind manner, to either a mixed 
antioxidant supplement (Mv) or a placebo (PI) (RP Scherer Limited, UK) 
supplementation group. The constituents of the antioxidant supplement are presented 
in Table 6.2.2. Supplements were taken in capsule form twice daily, with food, for six 
weeks, terminating two days after completion of the exercise. A venous blood sample 
was taken from a forearm vein prior to commencing supplementation. Subjects were 
required to weigh and record all food and fluid intake for 5 days randomly during the 
6 weeks supplementation for 3 week days and 2 weekend days. 
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Table 6.2.2: Composition of antioxidant supplement capsules, compared to UK 
recommended daily arrwunts 
Antioxidant Mixture Per tablet Per day UK RDA 
Vitamin C (ascorbic acid) 400mg 800mg 60mg 
Vitamin E (d-a-tocopherol) 400IU 800IU lOmgl 
Zinc (zinc sulphate monohydrate) 5mg 10mg 15 mg 
Vitamin B6 (pyridoxine hydrochoride) 2mg 4mg 2mg 
Vitamin BI2 I ~g 2~g I ~g 
Folic acid 200~g 400~g 200~g 
1 (For practical purposes, one International unit (IU) of vitamin E is referred to as 
lrng of the synthetic form, all-rac-alpha tocopheryl acetate (also known as dl-alpha-
tocophery\ acetate) 
6.2.3 Experimental design 
On the fortieth day of supplementation individuals completed the Loughborough 
Intermittent Shuttle Test (LIST), as described in Chapter 3. Subjects exercised at an 
average intensity that was approximately 70% of their maximal oxygen uptake 
(V02max), predicted from the multi -stage fitness test, for 90 min. 
Subjects reported to the laboratory having refrained from strenuous physical activity 
for at least two days and after an overnight fast (l0-12h). An 8rn1 venous blood 
sample was taken from a forearm vein prior to exercise and again approximately 
immediately post-exercise, I, 24 and 48h post-exercise. Ratings of perceived soreness 
were recorded prior to exercise and again at approximately 12h intervals for the 
following two days. Muscle function was assessed pre and immediately post-exercise 
(IMPE) and again approximately 24, 48, 96 and 168h later (± 2h). 
Nude body mass was determined before and immediately following exercise. Subjects 
ingested water at regular intervals throughout the exercise. A pre-exercise bolus equal 
to 5rn1"kg·1 was ingested prior to the LIST and 2ml"kg·1 following each 15 min block. 
Heart rate was monitored every 15s, using short-range telemetry (Polar 8810, Finland) 
and ratings of perceived exertion were also recorded every 15 min. 
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Figure 6.2.3 Schematic representation of the experimenlCll design and sampling regime 
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6.2.4 Mllscle jllnction, sorelless & damage markers 
Maximal voluntary conu'actions were measured prior to and post-exercise as 
presented in Chapter 3. Prior to exercise and for the following two days subjects 
highlighted a diagram of the body's musculature to ind icate the regions in which they 
experienced soreness. Additionall y, passive soreness was assessed using a 10 point 
scale, which ranged from I = ' 1/0l sore' to 10 = 've l)" ve l)" sore'. Serum markers of 
muscle damage measured were myoglob in and creatine kinase. (Chapter 3). 
6.2.5 Antibody staining 
Blood samples were prepared within 6h of collection. For the determination of 
leukocyte characteristics the following monoclonal antibody combinations were used; 
• Anti-CD45 *FITC/CD 14*PE; (lmmunotech dual colour, c lones Immu 19.2 and 
RM052, 10!-l l per test) to di stinguish Iymphocytes as CD45+CD I4', and 
monocytes as CD I4+. 
• Anti-CD3 *FITC/CDI6+56* PE; (Immunotech dual colour, clones UCHTI and 
14. 11 9, I o !A I per test), anti-CD 19*Cy-chrome (Pharmingen clone HIB 19, 10!-l l per 
test) to di stinguish T Iymphocytes as CD3+CD 16', B cells as CD 19+CD 16'CD56' , 
NK cells as CDTCD I6/CD56+. 
• Anti-CD8 *FITC; (Dako, clone DK25, I O~d per test), CD4S ro*PE; (Dako, c lone 
UCHI , 101-11 per test), CD4*Cy-chrome; (Pharmingen, clone RPA-T4, 101-1 1 per 
test) to identi fy CD4+ (helper T Iymphocytes), CD8+ (suppressor T cells), 
CD45ro+, a marker for activated and memory T Iymphocytes. 
• Anti-HLA-DP, DQ, OR *FITC; (Dako, clone CR3/43, 51-11 per tes t), anti -
CD I4*PE; (Pharmingen, clone M5E2, 51-11 of a I in 5 dilution into PBSA), to 
identify MHC class 11 , up-regulated, activated T Iymphocytes, di stinct from 
monocytes (CD 14+) 
• Anti-CDI8*FITC; (Pharmingen, clone 6.7, 10!-l l per test), anti -CDllb*PE; 
(Phanningen, clone [CRF44, 1 0~t1 per test), anti-CD54*Cy-chrome; (Pharmingen, 
clone HA58, 10!-l l per test), and anti-CD63*PE; (Pharmingen, clone H5C6, 10!-l l 
per test) and anti-CD62L*Cy-chrome; (Pharmingen, clone Dreg 56, 10!-l l per test) 
to identify cell surface adhes ion molecule express ion. 
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• Anti -CD95* FITC; (Dako, clone DX2, IOlA l per test) to identify apoptotic cells, 
anti -CD-126* PE; ( lmmunotech, clone M9 1, 10lAI per test) to identify the 
interleukin-6 receptor 
The cell types analysed were Iymphocytes, monocytes and neutrophils by gating of 
the regions of interest, as described in Chapter 3. 
6.2.6 FlolV cytometric analysis 
Leukocyte subsets were counted and Li stmode data were saved. Cells were gated on 
log side-scatter and log forward-scatter properties. The percent positi ve results or 
absolute marker expression (median flu orescence intensity) were analysed as 
previously described in Chapter 3. 
6.2.7 Leukocyte analysis 
Cell counts and functi onal assays were performed as described in Chapter 3. 
6.2.8 Blood analysis 
Interieukin-6, IL- IO and TNFu were analysed uSlllg a high sensiti vity ELlS A as 
described in Chapter 3. lnterieukin- I ra , sICAM - I, free corti sol, s IL-6R, C-reacti ve 
protein, heat shock protein 70 were mea ured by standard ELlSA. F2-isoprostanes and 
sali vary corti sol were measured by DELFIA (Chapter 3). Serum UJi c acid, lipid 
peroxides and total corti sol were measured as described in Chapter 3. 
6.2.9 Whole blood leukocyte jUllction assay 
This procedure involved the testing of a newly developed whole-blood leukocyte 
function assay; the lnstant Leukocyte Culture System (ILCS) developed by EDI 
GmbH , Germany. Venous blood samples fo r the cell culture were collected 
immediately prior to exerci se, immediately post-exercise, I h and 24h pos t-exercise. 
Blood was collected directl y into tubes supplied pre- fill ed with cell culture media 
(RPMI 1640, Sigma), plus heparin as an anticoagulant. Half of the tubes also 
contained a cell -stimulant, lipopolysaccharide (LPS, 10 ng.mr ' of culture media) . 
Immediately after drawing the blood, the tubes were incubated statically in a 37°C 
incubator (without C0 2 supply) for 24h to ensure a delay-free onset of cell culture. 
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Collection of cell supernatant was accomplished by insertion of a valve septum that 
hermetically separated the leukocytes from the supernatant. The supernatant was 
aliquotled into microfuge tubes and then frozen at - 80°C until requi red for assay. A 
schematic representation of the methodology is presented in Figure 6.2.7. 
Instant Leukocyte Culture System 
Draw blood 
separate serum fi'om 
sediment by valve septum 
i!-1/ / 
within 15 min trans fer 
refi'igeratelfi'eeze 
incubate: 24/48 h at 37 ' C 
send tube to lab I 
Figure 6.2.7: Sch.ematic representation of In stant Leukocyte Culture System. protocol 
6.2.8 Cell culture cytokil/e determil/atioll 
All cytokines were measured by sandwich ELlSA purchased from R&D Systems 
(lFN gamma), Biosource (IL-6) and Pharmingen (lL- 10). All assays were followed as 
per manufacturer's instructions. 
6.2.9 Statistical analysis 
The stati stical analysis methods are included in Chapter 3. The pre-supplementation 
observation was included in the analys is model as a covariate. Significance between 
treatment groups or effect over time was accepted at the 5% level. Values are 
expressed as the mean ± standard error of the mean (SEM) throughout, unless 
otherwise expressed. 
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6.3 RESULTS 
6.3.1 Physiological respol/se to exercise 
During the 90 nun intermittent running heart rate increased (p<0.05) from the onset of 
exercise, peaking during the final 30 min ( 167 ± 4bmin-I , p<0.05) as did ratings of 
percei ved exertion ( 16 ± I, p<0.05). Mean sprint times for each 15 min block 
increased from the first block (2.65 ± 0.04s) to the sixth (2.77 ± 0.03s, p<0.05) during 
the LIST but were not different between groups throughout (placebo (PI); 2.74 ± 
0.07s; antioxidant (Mv); 2.70 ± 0.04s). Fluid intake was not different between groups 
(PI ; 1.1 6 ± 0.041 ; Mv; 1.1 3 ± 0.031) and subsequently weight loss was not di fferent 
(PI ; 0.40 ± 0.12% BW; Mv; 0.52 ± 0. 11 % BW). Estimated changes in 
haemoconcentration did not differ signifi cantly throughout the testing peri od in either 
group (PI ; 2.5 ± 2.4 % and Mv; 2.2 ± 2.5 % I h post-exercise). 
6.3.2 Vitamin plasma profiles 
Figure 6.3.2 presents the vitamin C plas ma pro files of the two groups. Both groups 
started with the same baseline of vitamin C plior to supplementation. Pre-exercise the 
levels of vitamin C were significantly e levated in the Mv group, as compared to the 
placebo (p<0.05). The levels remained elevated above those of the placebo until 24h 
post-exercise. In both groups there was an elevation in vitamin C levels as a result of 
the intermittent shuttle running test, which returned to baseline 24h post-exercise. 
Plasma concentration of a lpha tocophero l increased following supplementation in the 
Mv group (p<0.05), whereas gamma tocopherol concentrati on decreased (p<0.05) 
(Table 6.3.2). Plasma concentration of tocophero ls was not measured post-exercise. 
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Table 6.3.2 Plasma alpha tocopherol and gamma TOcopherol concentration pre-
treatment and pre-exercise following placebo and multi-vitamin 
supplementation (mean ± SEM). # different ji"Oll1 pre-exercise alJ.{l 
betweel1 groups (P<O.05). 
Group Pre-treatment Pre-exercise 
a -tocopherol PI 7.38 ± O.S I 7.87 ± 1.01 
(pmol.r l) Mv 6.89 ± 0.46 11.30 ± 0.7 1 # 
y-tocopherol PI 0.43 ±0.04 0.39 ± 0.03 
(pmol.r l) Mv 0.32 ±0.03 0 .1 9 ±0.02 # 
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6.3.4 Muscle damage markers 
Serum myoglobin acti vity increased following exercise In both groups (p<O.OS), 
peaking maximally I h post-LIST (Figure 6.3.4a). There was no difference between 
the treatment groups at any time-point. Concentration of Mb returned to baseline 24h 
after exercise. Serum creatine kinase (CK) increased in both treaunent groups, with 
peak activity recorded 24h post-exercise (p<O.OS) (Figure 6.3.4b). Levels of CK were 
still elevated above baseline 48h pos t-exercise in both groups. There was no effect of 
treatment between the groups. 
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6.3.5 Maximal voluntary contractions 
Muscle function was impaired in both the leg fl exors and ex tensors of bo th groups 
following exercise (Table 6.3.5). Max imal vo luntary contraction re turned to baseline 
by 168h post-exercise in the leg fl exors of the multi -v itamin group. Max imal 
voluntary contraction in the fl exors showed maximal impairment immediately post-
exercise. In the leg ex tensors muscle impairment peaked 96h pos t-exercise. There was 
no difference between the two groups at any time point. 
Table 6.3.5 Isometric volllluaty contraction fo llowing intermiTtent shuttle runn ing 
with. either placebo or multi-vitamin supplementation (means ± SEM) 
expressed as percentage of the IHe-exercise value. IMPE; im.mediately 
post-exercise, * diffe rent ji'Olll pre-exercise (p <O.05). 
Muscle 
group 
Flexion 
Extension 
Group 
PI 
Mv 
PI 
Mv 
6.3.6 Muscle soreness 
IMPE 24h 
84 ± 2* 90 ± 2* 
85 ± 2* 89 ± 2* 
83 ± 3* 80 ±3* 
84 ± 2* 83 ± 2* 
48h 96h 168h 
95 ± 2* 95 ± I 88 ± 3 
89 ± 2* 90 ± 1* 11 0 ± 3* 
80±4* 7 1 ± 3* 75 ± 2* 
83 ±3* 73 ± 2* 78 ± 2* 
Ratings of perceived soreness assessed while at rest (pass ive) and whilst descending 
stairs (acti ve) were unaffected by supplementation. Figure 6.3.6a illustrates that 
passive soreness increased during the post-exercise peri od, peaking at 24h post-
exercise (5.2 ± 0.2, p<0.05). The specific location of soreness was in the hamstrings, 
quadriceps, triceps sura l, gluteus Inaximus and musculature of the lower back (Figure 
6.3.6b). 
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6.3.7 Cytokilles, C-Reactive Proteill & Heat Shock Proteill 
Serum concentration of interleukin-6 ( LL-6) increased approximately 5-fold as a result 
of exercise (Figure 6.3 .7a). Peak concentrations were observed immediately post-
exercise in both groups (PI ; 9.0 ± 1.8, M v; 11. 5 ± 1.6 pg. mr l ) (p<0.05). 
Concentration re turned to baseline 24h post-exercise. There was no effect of 
supplementation between the two groups. There was no fluctuation in serum soluble 
interleukin-6 receptor (s LL-6R) protein concentration in response to either intermittent 
shuttle running or supplementation treatment (Table 6.3.7). Serum concentration of C-
reacti ve protein (CRP) was not different between the groups (Figure 6.3.7b). The 
concentration of C RP was elevated in response to exercise 24h pos t-exercise (PI ; 
4941± 1588; Mv; 6238 ± 11 51 ng.mr l ) (p<0.05) and remained elevated above 
ba eline 48h post-exercise, although concentration had started to decl ine. 
Interl eukin-I receptor agonist (LL-I ra) increased in both groups immediately pos t-
exercise (p<0.05), as presented in Table 6.3.7. Concentration increased maximall y I h 
post-exercise (p<O.05) , thi s was approx imately a 6-fold increase from baseline levels. 
Interleukin- IO (lL- I 0) concentration was not different between groups at any time 
over the testing period. Concentration wa elevated immediately and I h post-exercise 
(p<0.05), levels returned to baseline by 24h after exercise. Tumour necrosis factor 
alpha concentration did not change either as a result of exercise or supplementation in 
either group. Heat shock protein 70 (Hsp70) concentrations increased 3-fold 
immediately followi ng exercise (p<0.05), and returned to baseline 24h post-exercise 
(Figure 6.3.7c), there was no effect of supplementation intervention. 
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6.3.8 Cortisol, F z-isoproslalles, uric acid & lipid peroxide 
Serum cortisol levels increased in both groups fo llowing exerc ise (p<O.OS), (Tab le 6.3.8). 
Max imal responses to exercise were observed I h post-exercise fo r both groups (PI ; 868 ± 
97, Mv; 734 ± 7 1 nmo!, !,I; p<O.OS). There was no effec t of supplementation. Neither 
sali vary corti sol nor urinary F2-isoprostane measurements showed changes in response to 
intermi ttent shuttle runni ng or supplementation. UJic acid concentration was elevated 
after exercise in both gro ups (p<O.OS) and remai ned elevated above pre-exercise baseline 
values until 48h post-exercise for the placebo group. Concentra ti on of uric acid at 48h 
post-exercise in the Mv group was still elevated above baseline (p<O.OS) , but not 
di fferen t from the placebo group. Lipid hydroperox ides (LPO) increased 3-fold 
immediately post-exercise (p<O.OS) , but were unchanged by supplementati on. 
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Table 6.3.7: Serum cytokine concentrations pre-treatment (PT) and fo llowing intermittent shuttle runl/ing for placebo al/d multi-vitamin 
supplementation groups (means ± SEM). IMPE; immediately post-exercise, * different ji"om IHe-exercise (1'<0.05). 
Analyte Group PT Pre-exercise IMPE Ih 24h 48h 
IL-lra PI 22 1.6 ± 28.5 203 .5 ± 16.4 435 .1 ± 89.7* 11 37.0 ± 263 .6* 247.4 ± 20.9 388.2 ± 154.3 
(pg.mr1) Mv 184.7± 18.8 204.7 ± 24.2 558 .8 ± 128.5* 1522.8 ± 32 1.5* 270.2 ±45. 1 223.4 ± 24.2 
sIL-6R PI 21.3 ±3.3 18.3 ±3. 1 22.0±3.1 22.3 ± 3.7 20.1 ± 3.9 17.9 ±3.2 
(ng.mr1) Mv 20.9 ±2.9 19.9 ± 3.4 2 1.5 ± 3.8 22.0 ± 3.2 2 1.6 ± 3.6 18.6 ± 3. 1 
IL-IO PI 0. 19 ± 0.47 0.05 ± 0.48 7.69 ±4.26* 5.87 ± 4.52* 0.00 ± 0.43 0.00 ±0.37 
(pg.mr 1) Mv 0.00 ± 0.45 0.00 ± 0.34 15.55 ± 5. 16* 9.54 ± 8.53* 0.00 ± 0.36 0.00 ± 0. 19 
T F a lpha PI 1.1 5 ± 0.23 1.1 5 ± 0.27 1.35 ± 0. 19 1.38 ± 0.18 1.1 6 ±0.1 8 1.09 ± 0.16 
(pg.mr 1) Mv 1.39 ± 0.33 1.1 7 ± 0.42 1.33 ± 0.34 1.08 ± 0.3 1 1.06 ± 0.3 1 1.26 ± 0.16 
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Table 6.3.8: Cortisol, F2-isoprostane, uric acid and lipid hydroperoxide (LPO) concentration pre-treatment (PT) and following intennittent 
shuttle running for placebo and nmlti-vitamin supplementation groups (means ± SEM). IMPE; immediately post-exercise, * 
different from pre-exercise (p<O.05). 
Analyte Biofluid Group PT Pre-exercise IMPE Ih 24h 48h 
Cortisol (total) serum PI 401 ± 18 453 ±23 564±44* 868 ±97* 565 ±47 520±32 
(nmoU-!) Mv 459 ± 13 498 ±25 595 ±26* 734±71* 534±23 528 ± 38 
Cortisol saliva PI 26.1 ± 2.4 22.0 ± 9.1 23.8 ±5.4 17.4 ± 5.6 20.9 ± 2.7 22.0±2.2 
(nmol.r!) Mv 25 ±2.2 24.3 ± 2.3 22.3 ± 5.6 16.4 ± 2.8 15.9 ± 3.1 17.2 ± 1.6 
F2-Isoprostane urine PI 6.9 ±2.1 4.3 ±0.8 7.5 ± 1.0 3.8 ±0.8 
(ng.rnI·!) Mv 5.7 ± 1.4 5.1 ± 1.1 7.1 ± 1.1 6.1 ± 1.4 
Uric acid serum PI 284±9 313 ± 13* 316 ± 15* 307±11* 284± 12 
(!.Imol.r !) Mv 258±9 280± 10* 295 ±8* 293 ± 13* 275 ± 11 * 
LPO serum PI 1.9 ±0.5 7.0 ± 1.3* 
(!.Imol.r !) Mv 2.1 ±0.4 7.2±1.1* 
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6.3.9 Absolute leukocyte counts 
Table 6.3.9 shows the absolute leukocyte counts for lymphocytes, monocytes and 
neutrophils. Total leukocyte counts increased immediately post-exercise (p<0.05), 
although maximal counts were recorded Ih post-exercise (p<0.05), where a 3-fold 
increase from pre-exercise values was observed (Table 6.3.9). Neutrophil counts 
increased maximally Ih post-exercise, where a 4-fold increase was recorded (p<0.05). 
There was no effect of treatment on absolute cell counts. 
6.3.10 Relative leukocyte proportions 
Changes in relative proportions in cell numbers are represented in Table 6.3.10. A 
significant decrease in the relative lymphocyte percentage was seen immediately post 
and lh post-exercise (p<0.05), (Table 6.3.10). Neutrophil proportions increased in the 
placebo group immediately post-exercise and in both treatment groups Ih post-
exercise (p<0.05), proportions returned to pre-exercise values by 24h post-exercise. 
There was no effect of supplementation on relative cell proportions. 
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Table 6.3.9: Change in leukocyte cell-subpopulation absolute cell numbers (x](f.r I ) following intermittent shuttle running for placebo and 
multi-vitamin supplementation (means ± SEM). IMPE; immediately post-exercise. * different from pre-exercise (p<O.05). 
Cell type Group PT Pre-exercise IMPE Ih 24h 
Totalleukocytes PI 4.27 ±0.65 . 3.58 ±0.48 7.62 ± 1.14* 12.08 ± 1.29* 4.2 ±0.49 
My 4.47 ± 0.61 4.82 ±0.35 11.09 ± 0.15* 14.03 ± 0.21 * 4.53 ±0.54 
Lymphocyte PI 1.82 ± 0.34 1.46 ± 0.12 1.53 ±0.09 1.74 ± 1.36 1.33 ± 0.66 
My 1.95 ± 0.21 2.08 ± 0.15 1.79 ± 0.48 1.45 ± 0.21 * 1.94 ± 0.13 
Monocyte PI 0.27 ± 0.77 0.27 ± 0.11 0.50 ±0.73 0.35 ±0.87 0.49 ±0.85 
My 0.27 ± 0.12 0.36 ±0.18 0.34 ± 0.48 0.49 ± 0.15 0.63 ± 0.11 
Neutrophil PI 2.23 ±0.40 2.21 ±0.28 4.93 ±0.78* 7.59 ± 0.93* 2.26 ±0.31 
My 2.18 ± 0.36 2.29±0.21 6.55 ± 1.06* 7.71 ± 1.45* 2.49 ± 0.33 
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Table 6.3.10: Change in leukocyte cell-subpopulations relative percentage (as percentage oftotalleukocyte counts)following intermittent 
shuttle running for placebo and multivitamin supplementation (means ±SEM). IMPE; immediately post-exercise. * different from 
pre-exercise (p <0. 05 ). # different between groups at a specific time point. 
Cell type Group PT Pre-exercise IMPE Ih 24h 
Lymphocyte PI 35.5 ±3.2 39.5 ± 1.6 21.4 ± 1.9* 11.8 ± 2.8* 37.5 ± 2.8 
Mv 42.6 ±4.3 41.3 ± 1.2 I9.7±4.5* 13.4±3.4* 40.1 ± 3.3 
Monocyte PI 6.2 ±0.7 7.7 ± 1.23 8.7 ±0.9 7.5 ± 0.6 6.3 ±0.5 
Mv 5.8 ±0.6 6.9±0.9 7.7 ± 0.4 6.9 ±0.7 7.8 ±0.9 
Neutrophil PI 55.9±3.9 55.8 ±4.9 66.6 ±5.1* 76.9 ± 3.8* 59.5 ±4.4 
Mv 60.2±4.5 64.8 ±5.4 68.7 ±5.0 79.1 ± 3.8* 62.2 ±5.6 
NK cells (as % of lym) PI 12.0 ± 2.4 ll.4 ± 1.5 11.5 ± 2.0 11.8 ±2.2 7.1 ± 2.0 
Mv 13.8 ± 1.6 11.3 ± 2.6 11.3 ±2.6 7.6 ± 3.1 10.6 ± 1.3 
B cells (as % oflym) PI 9.9 ± 1.2 9.2 ± 1.2 9.5 ± 1.2 9.5 ± 1.5 11.2 ± 2.2 
Mv 9.7 ±0.8 10.3 ± 1.8 9.2 ± 1.5 8.1 ± 2.0 10.3 ± 1.7 
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6.3.11 Phogocytosis and respiratory burst 
Table 6.3.11 presents the phagocytosis and respiratory burst data for both monocytes 
and neutrophils following exercise. There was an increase in the percentage of 
monocytes undergoing phagocytosis as a result of exercise lh post-exercise in both 
groups (PI; 51.6 ± 1.2, Mv; 53.3 ± 1.9 %, p<O.05), this returned to pre-exercise values 
24h post-exercise. There was no effect of intermittent shuttle running on either 
relative phagocytosis or respiratory burst on either cell type. Additionally, there was 
no effect of treatment on any of the outcome variables recorded. 
6.3.12 Adhesion molecules, activation & cell-surface markers 
Table 6.3.l2a presents leukocyte cell-surface adhesion molecule data. There was no 
effect of exercise or supplementation on any of the cell-surface markers measured. 
Additionally, Tables 6.3.12b and 6.3.l2c present data for cell activation and cell 
surface markers; there was no effect of exercise or supplementation. 
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Table 6.3.11: Change in phagocytosis and respiratory burst (percentage total cell population activity and relative activity per cell) pre 
treatment (PT) and following intermittent shuttle running for placebo and multi-vitamin supplementation (means ± SEM). IMPE; 
immediately post-exercise, * different from pre-exercise (p<O.05) 
Cell type Functional measure Group PT Pre-exercise IMPE Ih 24h 
Monocyte % phagocytosis PI 45.3 ± 3.1 45.1 ± 1.8 46.7 ±2.8 51.6 ± 1.2* 46.3 ± 2.1 
Mv 40.6 ±3.0 42.1 ± 2.0 49.5 ±3.7 53.3 ± 1.9* 42.5 ±2.6 
relative phagocytosis PI 69.4 ± 3.8 60.6 ± 1.8 66.6 ± 0.1 69.3 ± l.l 68.1 ± 1.0 
Mv 62.9 ± 5.1 61.2 ± 2.1 69.7 ± 1.2 66.9 ± 1.0 65.2 ±2.0 
% oxidative burst PI 46.9 ±3.9 46.1 ± 2.9 47.7 ±3.7 49 ± 3.5 45.2 ±3.0 
Mv 44.7 ±3.6 49.7 ± 3.3 45 ± 3.8 42±4.1 41.7 ±4.8 
relative oxidative burst PI 16.4 ± 0.3 17.2 ± 0.3 16.6 ±0.4 17.7±0.3 16.9 ± 0.7 
Mv 17.8 ± 0.4 17.3 ± 0.4 17.5 ± 0.4 16.9 ± 0.3 17.3 ± 0.4 
Neutrophil % phagocytosis PI 76.9 ± 2.6 68.3 ± 3.2 69.8 ±2.1 71.6 ± 1.6 65.3 ±2.6 
Mv 75.3 ± 1.9 65.2 ±3.0 67.1 ± 3.9 69.6 ± 1.5 62.7 ±3.9 
relative phagocytosis PI 138.8 ±9.0 136.2 ± 9.9 126.9 ±26.2 123.3 ± 19.8 125.2 ± 21.2 
Mv 135.4 ± 14.3 123.8 ± 23.1 136.3 ± 25.0 126.1 ± 33.7 123.6 ± 17.0 
% oxidati ve burst PI 86.3 ± 1.92 85.9 ± 1.4 87.2 ± 1.4 85.8 ± 1.8 84.8 ± 2.3 
Mv 85.4 ± 1.9 88.2 ±2.6 88.3 ± 3.9 80.2±3.6 87.1 ± 3.7 
relati ve oxidati ve burst PI 19.7 ± l.l 20.3 ± 1.3 18.8 ± 0.8 16.3 ± 1.3 20.6 ± 1.7 
Mv 20.8 ± 1.7 21.9 ±2.0 17.1 ± 1.5 15.2 ±2.0 22.2 ±2.4 
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Table 6.3.12a: Cell-surface adhesion molecule expression (median 
fluorescence intensity) pre-treatment (PT) and following intermittent shuttle 
running for placebo and Mv supplementation (mean ±SEM). IMPE; 
immediately post-exercise, 
Adhesion Cell Group PT Pre- IMPE Ih 24h 
marker type exercise 
CDllb Lym PI 0.91 ± 0.21 1.03 ± 0.23 0.84 ±0.23 0.877 ±0.2 0.96 ± 0.15 
My 1.34 ± 0.22 1.22 ± 0.35 1.01 ± 0.24 0.47 ±0.26 0.98 ± 0.18 
Mono PI 13.1 ± 0.71 14.1 ± 2.49 14.2 ± 3.01 13.8 ±3.35 15.1 ± 2.82 
My 16.7 ± 1.73 25.8 ± 2.31 17.3 ± 2.96 18.1 ±2.67 13.0 ± 3.82 
Neut PI 18.5 ± 2.19 20.2 ± 1.79 23.2 ±2.74 23.2 ±2.82 21.6 ±2.84 
My 23.1 ± 2.25 28.3 ±2.04 25.5 ±3.04 20.7 ±2.75 18.7 ±2.73 
CDl8 Lym PI 0.99 ±0.21 1.03 ± 0.23 0.84 ±0.2 0.87 ±0.20 0.54 ± 0.14 
My 1.34 ± 0.25 1.22 ± 0.35 1.01± 0.24 0.47 ±0.25 0.98 ± 0.19 
Mono PI 14.9 ± 1.28 15.1 ± 1.23 18.1 ± 1.75 17.5 ± 1.90 17.7±1.65 
My 15.2 ± 1.11 20.5 ± 1.34 17.6 ± 1.29 18.7 ± 1.44 14.8 ±0.89 
Neut PI 10.8 ±0.80 11.0 ± 0.86 14.6 ±0.88 13.4 ± 0.97 14.1 ± 1.07 
My 11.5 ± 0.72 15.4 ± 0.98 15.5 ± 0.91 12 ±0.90 11.1± 0.54 
CD54 Mono PI 0.72 ± 0.09 0.83 ±0.02 0.85 ±0.03 0.79 ±0.04 0.71 ±0.05 
My 0.85 ± 0.1 0.86 ±0.11 0.74 ±0.07 0.77 ±0.07 0.87 ± 0.07 
CD49d Lym PI 2.45 ±0.36 2.45 ±0.06 2.32 ±0.05 2.31 ±0.18 2.28 ±0.64 
My 2.46 ± 0.10 2.46 ± 0.14 2.44 ±0.27 2.05 ±0.23 2.43 ±0.08 
Mono PI 3.19±1.38 2.7 ±0.24 3.16 ± 0.23 2.46 ±0.19 2.98 ±0.82 
My 2.98 ±0.2 2.83 ±0.32 2.72 ±0.28 2.3 ± 0.35 2.94 ±0.14 
Neut PI 0.39 ± 0.01 0.43 ± 0.01 0.41 ± 0.01 0.42±0.06 0.44 ±0.03 
My 0.41 ± 0.02 0.37 ± 0.01 0.36 ±0.03 0.39 ± 0.02 0.36 ± 0.01 
CD62L Lym PI 1.55 ± 0.19 1.88 ± 0.16 1.63 ± 0.24 1.4 ±0.24 1.54 ± 0.24 
My 2.13 ±0.26 2.47 ± 0.44 1.64 ± 0.5 1.77 ± 0.46 2.54 ±0.35 
Mono PI 1.29 ± 0.15 1.49 ±0.08 1.44 ± 0.14 1.35 ± 0.15 1.27 ± 0.14 
My 1.57 ± 0.11 1.55 ± 0.15 1.1 ±0.13 1.28 ± 0.15 1.49 ±0.06 
Neut PI 2.08 ±0.29 2.65 ±0.17 2.48 ± 0.31 2.07 ±0.27 1.94 ±0.27 
My 3.24 ± 0.27 2.68 ±0.40 2.21 ± 0.45 2.48 ±0.47 1.88 ± 0.35 
CD63 Lym PI 0.46 ±0.07 0.51 ±0.03 0.5 ± 0.04 0.51 ±0.04 0.51 ±0.05 
My 0.52 ±0.02 0.57 ±0.04 0.58 ±0.05 0.44 ±0.06 0.44 ±0.05 
Mono PI 1.99 ± 1.09 2.95 ±0.48 3.16 ± 0.51 2.61 ±0.44 3.4 ± 0.41 
My 3.6 ± 0.47 3.24 ± 0.38 4.2 ±0.52 3.57 ± 0.41 2.57 ±0.54 
Neut PI 0.64 ±0.06 0.87 ±0.05 0.96 ±0.09 0.90 ± 0.09 0.79 ±0.06 
My 0.84 ±0.04 0.69 ±0.09 0.64 ±0.1O 0.58 ± 0.09 0.76 ±0.08 
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Table 6.3.12b: CD4:8, CD45ro+, CD4+CD45ro+, HLA-dr (median fluorescence 
intensity) pre-treatment (PT) andfollowing intermittent shuttle running 
for placebo and multi-vitamin supplementation (means ±SEM). IMPE; 
immediately post-exercise, 
Parameter Cell Group PT Pre- IMPE Ih 24h 
type exercise 
CD4:8 Lym PI 1.0 ± 0.1 1.2 ± 0.1 1.3±0.1 1.3 ± 0.1 1.4 ± 0.1 
My 1.3±0.1 1.3 ±0.2 1.1 ± 0.2 1.5 ± 0.2 1.3 ± 0.1 
CD45ro+ Lym PI 28.2±3.4 32.7 ± 3.5 24.9 ± 3.1 24.8 ±4.7 23.0 ± 2.9 
My 30.2±3.2 28.0 ±4.9 26.2 ±3.9 29.1 ± 4.1 30.8 ±3.7 
CD4+CD45ro+ Lym PI 49.1±6.4 56.4 ± 5.3 45.0 ±4.9 38.8 ± 8.1 40.1±6.7 
My 63.1 ± 8.5 65.8 ± 11.1 58.0 ±7.4 63.9 ±6.4 49.3 ±8.9 
HLA-dr+ Lym PI 0.3 ±O.I 0.3 ± 0.1 0.36 ± 0.1 0.35 ± 0.1 0.39 ±O.I 
My 0.3 ± 0.3 0.3 ± 0.1 0.39 ±O.I 0.36±0.1 0.34 ± 0.1 
HLA-dr+ Mono PI 7.5 ± 1.4 7.4 ± 0.9 9.3 ± 1.3 8.7 ± 1.1 7.7 ± 1.1 
My 7.3 ± 1.1 7.3 ± 1.4 7.6 ± 1.3 6.7 ± 1.6 6.7 ±0.8 
Table 6.3.12c: CD14, CD126 and CD95 expression (median fluorescence intensity) 
pre-treatment (PT) and following intermittent shuttle running for 
placebo and multi-vitamin supplementation (means ±SEM). IMPE; 
immediately post-exercise, 
Parameter Cell Group PT Pre- IMPE Ih 24h 
type exercise 
CD14 Mono PI 31.3 ± 2.7 30.1 ± 2.4 34.5 ± 2.9 30.3 ±2.8 26.1 ±2.2 
My 32.5 ± 1.9 32.4 ±2.8 27.8±2.1 29.4±3.2 23.2 ±3.0 
CD126 Mono PI 0.9 ± 0.2 0.8 ±O.I 1.0 ± 0.1 1.1 ± 1.4 0.8 ± 0.1 
My 1.1 ± 0.1 1.2 ± 0.5 1.0 ± 1.3 1.1 ± 1.5 0.8 ±O.I 
CDI26 Neut PI 1.4 ± 0.1 1.8 ± 0.1 1.7 ± 0.2 1.7 ± 0.2 1.6 ± 0.1 
My 1.8 ± 0.1 2.0 ±0.3 1.8 ± 0.2 1.9 ± 0.2 1.3±0.1 
CD95 Lym PI 1.3 ±0.2 1.2±0.1 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.4 
My 1.3 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 1.3 ± 0.3 1.3 ± 0.1 
CD95 Mono PI 2.6 ± 0.2 2.4±0.1 2.3 ± 0.1 2.3 ±0.4 2.1 ±0.2 
My 2.5 ± 0.1 2.3 ±0.2 2.3 ± 0.2 2.2 ±0.2 2.2 ± 0.1 
CD95 Neut PI 2.3 ± 0.2 2.4±0.1 2.3±0.1 2.3 ± 0.4 2.1 ± 0.2 
My 2.5 ± 0.1 2.3 ± 0.2 2.3 ± 0.2 2.2 ± 0.1 2.2 ± 0.1 
250 
6.3.13 Cell culture cytokille cOllcelltratiolls 
Only data from the LPS-stimulated cultures is presented here. Supernatants from the 
unstimulated cultures did not show any measurab le spontaneous induction of IL-6, IL-
10 or IFNy. Following LPS stimulation there was a significant increase in 1L-6 re lease 
in the placebo group immediately post-exercise (Figure 6.3. 13a), (p<O.05). 
Interl eukin- IO increased in the multi -supplement group immediately and I h post-
exercise (p<O.05), (Figure 6.3. 13b). There was no corresponding increase observed in 
the placebo group. There was a signifi cant suppress ion of IFNy concentration 1 h post-
exercise in both groups and immediately pos t-exerci se in the Mv group (p<O.05). 
Max imal inhibition was seen 1 h post-exercise, concentrations returned to baseline by 
24h post-exercise (Figure 6.3. 13c). There was no signifi cant difference between 
groups for 1L-6, IFNy or IL-I O. 
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6.4 Discussion 
The aim of the current investigation was to assess the effect of six weeks of 
supplementation with an antioxidant mixture (Mv), as compared to a placebo (PI), 
examining indices of muscle damage, inflammation and the immune system, 
following intermittent shuttle running exercise, and to compare those responses to 
single vitamin C supplementation. In summary, the main findings from the described 
study were: 
Increased muscle damage, cytokine profiles and leukocyte counts post-
exercise. The inclusion of a measurement point immediately post-exercise 
provided further information on analyte profiles. 
No effect of the LIST on cell-surface markers, respiratory burst or F2-
isoprostanes up to 24h post-exercise 
No effect of mixed antioxidant supplementation on any of the measured 
markers, in contrast to supplementation with vitamin C only 
Significant changes in immune cell functionality post-exercise, as measured 
by a novel in vitro cell culture methodology 
6.4.1 Plasma antioxidant concentrations 
The concentration of plasma vitamin C was comparable to previous studies (Chapters 
4 and 5) for the same supplementation dosage, although the intervention period in this 
study was of a longer duration. There was a significant increase (p<O.05) in vitamin C 
in the multi-supplement group pre-exercise, as compared with the placebo group, 
indicating subject compliance in taking the supplements. Peak concentration of 
plasma vitamin C, both pre- and post-exercise, was similar to previous studies. This 
suggests that, for vitamin C, once plasma saturation is achieved, concentration cannot 
be increased. As previously stated (Chapter 5), Levine et al. (1996), suggest that 
saturation of vitamin C occurs after 3 weeks of supplementation with vitamin C. 
Therefore, a supplementation regime for 6 weeks suggests that plasma saturation will 
have been achieved in the described study. There was a significant increase in plasma 
vitamin C in response to intermittent shuttle running, immediately and Ih post-
exercise in both the PI and M v groups, again, consistent with previous findings 
(Chapters 4 and 5). 
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Vitamin E concentration was measured as both a-tocopherol and y-tocopherol. There 
was no change in a-tocopherol concentration in the placebo group as a result of 
supplementation. However, there was a significant increase (p<0.05) in a-tocopherol 
in the Mv group pre-exercise, consistent with other vitamin E-exercise intervention 
studies (Cannon et aI., 1990; Meydani et al., 1993). Interestingly, there was a 
corresponding decrease in y-tocopherol concentration following supplementation in 
the M v group. This is in agreement with the findings of Meydani et al. (1993), who 
assessed the protective effect of vitamin E on exercise-induced oxidative damage in 
young and older adults and reported reduced oxidative stress. The inverse relationship 
between these two forms of vitamin E has been attributed to the preferential excretion 
of y-tocopherol into bile (Traber & Kayden, 1989). 
Compared with a-tocopherol, y-tocopherol is only 10-35% as active (National 
Research Council, 1989). Little is known about the absorption efficiency of vitamin E, 
but in humans a wide efficiency range of 21-86% has been reported (Basu & 
Dickerson, 1996). This large variability could be due, in part, to differing 
experimental approaches. As vitamin E intake increases, the absorption decreases, 
such that, for doses of200mg the absorption rate may be less than 10% (Groff, 1995). 
The dose used in the current study, at 800 IV per day, was much higher than this. This 
may have reduced the absorption rate of the supplement, potentially negating any 
effect of the additional dose above 200 mg. The dose for this study was administered 
in two doses, so the subjects were receiving a dose of 400 IV vitamin E at each time 
of supplement consumption. 
Most tissues store some vitamin E in their membranes including mitochondrial and 
microsomal membranes (Groff, 1995; Basu & Dickerson, 1996). Additionally, it is 
stored in the liver in lower amounts, where it can be rapidly mobilised if necessary 
(Basu & Dickerson, 1996). Tissues such as muscle, heart and brain are reported to 
have slower a-tocopherol turnover times than liver (Burton et aI., 1990). Although not 
measured in the current study, preliminary studies have shown that physical exercise 
that produced an oxidative stress also resulted in the mobilisation of tocopherol 
(Camus & Thys, 1991). The inclusion of a post-exercise plasma measurement would 
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have provided information on the effect of the LIST on mobilisation; however, the 
cost of this was deemed prohibitive for this study. 
6.4.2 Muscle proteins 
There was an exercise-induced response for the muscle damage proteins measured; 
myoglobin (Mb) and creatine kinase (CK), but no effect of the supplementation 
intervention. Although the same exercise protocol was employed as for the previous 
study (Chapter 5), there were differences in the peak concentrations of Mb and CK, in 
the PI group, in this study (35.5 nmoI.r! Mb Ih post-exercise, 1200 u.r! CK 24h post-
exercise), as compared to the previous study (17 nmoLr! Mb Ih post-exercise, 900 
u.r! CK 24h post-exercise). As the concentrations of plasma proteins were higher in 
both the placebo and supplementation groups in the current study, this difference 
cannot be attributed to a negative impact of the antioxidant mixture. It is plausible that 
inter-individual variation and familiarity with shuttle running types of exercise was 
different between the two studies However, the lack of a reduced myoglobin response 
in the supplemented group does suggest that there may be interactions between the 
antioxidants, which are interfering with the mode of activity that has been observed 
with vitamin C-only supplementation. Alternatively, the longer duration of vitamin C 
supplementation may mean that vitamin C is exerting a pro-oxidant effect and 
inducing oxidative stress, rather than reducing it (Jenkins, 1993). 
Other exercise studies have reported changes in myofibrillar proteins in response to 
exercise and supplementation. Rokitzki et al. (1994b) supplemented male cyclists 
with vitamin E and reported a significant reduction in creatine kinase and 
malondialdehyde induced by aerobic training. This evidence suggests that vitamin E, 
as a single supplement, may exert a protective effect against lipid peroxidation. Other 
studies also report a decrease in markers of muscle damage following 
supplementation with vitamin E (Sumida et al., 1989; Meydani et ai., 1993; Sacheck 
et al., 2003). However, data are not always consistent, as Cannon et al. (1990), 
supplemented young and older male subjects with 800 1U per day vitamin E (as (l-
tocopherol) for 8 weeks. Following exercise, there was a significant increase in the 
post-exercise creatine kinase activity in the supplemented older group as compared to 
the placebo older group. There was no effect on the younger group. It was suggested 
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that increased circulating creatine kinase may be part of the adaptive response to 
exercise stress and that vitamin E may affect the rate of repair of skeletal muscle and 
be more pronounced in older subjects. Unfortunately the study employed only very 
low subject numbers of six subjects or less per group. Previous studies in this thesis 
(Chapters 4 and 5) have demonstrated significant inter-individual variability and 
indicate that larger study populations are required. Repeating this study with greater 
numbers would clarify the effect of vitamin E in this population. 
Vitamin C supplementation has been reported to reduce myofibrillar proteins in 
response to the LIST (Thompson et al .• 2001b). Combinations of vitamin C and E 
taken pre-exercise have also been demonstrated to reduce exercise-induced muscle 
damage (Rokitzki et al .• 1994c). as has a mixture of vitamins C. E and p-carotene 
(Schroder et al .• 2000). Pre-exercise supplementation with an antioxidant mixture 
(selenium. vitamin A, vitamin C and vitamin E) significantly reduced (p<0.05) the 
magnitude of creatine kinase following a duathlon test (run 5 km. cycle 20 km. run 5 
km) (Palazzetti et al .• 2004). Some vitamin C studies report no change. (Vasankari et 
al .• 1998a; Thompson et al .• 200Ia). however. these studies administered acute doses 
of supplement in the hours before exercise and evidence suggests that this does not 
allow time for the supplements to exert an effect. 
6.4.3 Muscle force 
Consistent with the muscle-damage protein data in this study. there was no effect of 
supplementation on maximal voluntary contractions (MVC). again indicating 
differing biochemical processing and activity of the multi-supplement. as compared to 
vitamin C only. Twenty-one days of supplementation with 400 mg.day"l vitamin C 
was demonstrated to enhance post -exercise maximal voluntary contraction capacity 
(Jakeman & Maxwell. 1993). but there was no effect on MVC with 267 IU.day"1 of 
vitamin E following box-stepping exercise. This lack of effect is consistent with the 
study by Beaton et al. (2002) which reported no effect of 30 days of vitamin E 
supplementation on indices of contraction-induced muscle damage or inflammation as 
a result of repeated eccentric muscle contractions. However. with a supplementation 
intervention of 500 mg vitamin C and 1200 1U of alpha tocopherol. daily for 37 days; 
Shafat et al. (2004) reported that. following maximal eccentric contractions of the 
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knee extensor muscles, there was reduced loss in muscle function, as compared to the 
placebo group. 
Overall, the data available at the current time, on antioxidant interactions with muscle 
strength, are confusing. Although some studies show modulation of muscle strength 
and performance following supplementation with antioxidants, further research is 
required to understand the interaction of differing mixtures of antioxidant in vivo in 
man. 
6.4.4 lipid peroxidation 
There was no effect of either exercise or supplementation on urinary F2-isoprostane 
concentrations, as a marker of lipid peroxidation. Lipid hydroperoxides increased 3-
fold as a result of exercise but were unaffected by the supplementation regime. 
Isoprostanes are considered to be a more sensitive and reliable measure of in vivo 
peroxidation than either malondiaIdehyde or lipid hydroperoxides (Roberts & 
Morrow, 2000). It is vital to include robust measures of lipid peroxidation in this type 
of study. Many exercise studies fail to achieve this, which makes it difficult to resolve 
the links between ROS, muscle damage and cytokine production. 
There are several factors that have been demonstrated to affect oxidative stress and 
antioxidant activity post-exercise. Evidence suggests that oxidative stress following 
exercise is higher in men than in women (Ide et al., 2002; Mastaloudis et al., 2004). 
An explanation offered for this is that there is a gender difference in metabolic rate, 
leading to increased mitochondrial flux in men. Additionally, oestrogen is known to 
exhibit antioxidant properties, which may account for reduced oxidation measured in 
women (Ide et al., 2002). Because of potential gender differences in responses, all of 
the studies described within this thesis employed only male subjects. However, for a 
more rounded understanding of supplementation on post-exercise responses it is 
important that future studies assess responses in women so that considered 
supplementation recommendations can be made. 
The mode of exercise may affect mobilisation of antioxidant stores, as evidenced by a 
study by Ramel et al. (2004) where there was no difference in plasma antioxidant and 
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lipid oxidation products in resistance trained men or non-resistance trained men at 
rest. Following resistance exercise there was mobilisation of fat-soluble antioxidants 
(alpha & gamma tocopherol, beta-carotene and Iycopene), but not vitamin C, in 
contrast to the studies described within this thesis. As the LIST is not a model of 
resistance exercise, this suggests that different exercise protocols result in different 
physiological responses. Mixed supplementation of vitamin C and E for 3 weeks prior 
to exercise, resulted in a decrease in lipid peroxidation, but not inflammatory markers 
(Mastaloudis et al., 2004). Vitamin C administered in combination with vitamin E and 
~-carotene following 30 min running and then 5 min running at 90% V02max resulted 
in a decrease in expired pentane, a marker of oxidative stress (Kanter et al., 1993). In 
contrast, there was a an increase in lipid peroxidation following supplementation with 
vitamin C and N-acetyl-cysteine (NAC) (Childs et al., 2001), although this study 
supplemented immediately post-eccentric arm muscle injury, and as such is not 
representative of the type of supplementation strategy adopted within this study. 
6.4.5 Cytokines and immune proteins 
The cytokine responses to the LIST protocol in this study highlighted some 
differences in response, in comparison to the previous study reported in Chapter 5. 
There was no measurement sample immediately post-exercise in Chapter 5, therefore; 
only the Ih post-exercise responses of the placebo groups of the two studies can be 
directly compared. There was little difference in the IL-6 response between studies, 
although, IL-IO concentration was much lower in this study (PI; 5.87 ± 4.52 pg.rn1.1) 
as compared to Chapter 5 (PI; 24.6 ± 7.3 pg.rn1.1) and IL-lra was slightly lower, 
however there was large sample variation for this analyte. It is difficult to explain 
difference between the IL-lO concentrations, especially when there was no difference 
in IL-6 or IL-Ira. Interleukin-lO is considered to be an anti-inflammatory cytokine. If 
there was a difference in fitness and training status between the two studies, with the 
subjects in the current study being more accustomed to this type and intensity of 
exercise, they may have physiologically adapted to release higher levels of IL-lO in 
response to an exercise stressor. The additional measurement immediately post-
exercise in the current study provides more detailed information on cytokine profiles 
in the post-exercise period following intermittent shuttle running. There was a 3-fold 
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increase in the serum concentration of the acute phase protein, eRP 24h post -exercise, 
linked to the induction of the cytokine response. 
The peak concentration for IL-6 was recorded immediately post-exercise (IMPE). 
Although there was no significant difference between the two treatment groups, there 
was a trend towards IL-6 concentration being higher in the Mv treatment group IMPE 
and lh post-exercise. This is in contrast to data from single antioxidant treatments, 
which report a reduction in the post-exercise IL-6 response (Nieman et al., 2000a; 
Thompson et aI., 2001b). Interestingly, there was no significant increase in the 
soluble IL-6 receptor in serum, in response to exercise. The assay measurement 
corresponds to the total amount of soluble receptor present in the samples, i.e., the 
total amount of free receptor plus the total amount of receptor bound to IL-6. The 
biological activities of IL-6 are initiated by binding of the cytokine to a high affinity 
receptor complex comprising of the IL-6R and gp 130. The soluble IL-6 receptor 
detectable in serum arises from the proteolytic cleavage of membrane-bound IL-6R. 
In contrast to other soluble cytokine receptors that act as inhibitors by competing for 
ligand binding with cellular receptors, the sIL-6R facilitates IL-6 activity (Yawata et 
aI., 1993) as a result of the binding of the IL-6/sIL-6R complex to membrane bound 
gp 130 (Yasukawa et al., 1990; Saito et al., 1991). The regulation, function and 
significance in vivo of the shedding of soluble IL-6 receptors is not currently 
understood. It has been suggested, however, that pathological states involving 
elevated levels of IL-6 might also be associated with increased production of soluble 
IL-6 receptors (Honda et al., 1992). 
The data from the current study suggest that exercise-driven elevations in serum IL-6 
do not result in a corresponding increase in soluble receptor concentration. This may 
be linked to skeletal muscle being the predominant tissue for IL-6 production during 
and post -exercise, as opposed to monocytes and macrophages as in some disease 
states. To date there are no published acute exercise studies that have measured the 
sIL-6R, although it seems sensible to measure both the soluble protein and it's 
associated receptor to try to fully elucidate the biological relevance of changes in 
concentration. 
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Childs et al. (2001), supplemented subjects with vitamin E and N-acetylcysteine for 1 
week post-exercise and reported no effect on the exercise-induced increase in IL-6 
concentration following eccentric ann injury. As previously stated (Chapter 5), it 
would appear that post-exercise vitamin C supplementation is ineffective as 
Thompson et al. (2003), reported that there was no modulation in either the IL-6 
response or in markers of muscle damage following post-exercise supplementation. 
The supplementation of vitamins C and E has been reported to dampen the post-
exercise IL-6 response (Fischer et aI., 2004). Fisher et al. (2004) suggest that the 
attenuated response is primarily via the inhibition of the IL-6 protein released from 
contracting muscle. In the same study, plasma IL-1ra and cortisol responses to 
exercise were blunted in the supplemented group. In contrast, the study reported by 
Mastaloudis and co-workers (2004), found that neither IL-6 nor C-reactive protein 
(CRP) were modulated by vitamin E and C supplementation, at doses of 300 mg and 
1000 mg respectively, for 6 weeks prior to running an ultramarathon. In this same 
study however, there was a reduction in oxidative damage markers following 
supplementation. The authors suggest that either oxidati ve damage and the 
inflammatory response are operating independently or that doses in excess of 800 IV 
per day vitamin E are required to illicit an anti-inflammatory response; although this 
is in contrast to the bioavailability data discussed earlier. In the current study, subjects 
recei ved a dose of 800 IV of vitamin E for 6 weeks prior to the LIST, which suggests 
that a higher dosage will not result in anti-inflammatory effects, although the LIST 
regime is less metabolically demanding than an ultramarathon. In this study there was 
no modulation of markers of oxidation with the supplementation regime used. 
Of more concern is the recent study by Nieman et al. (2004). They investigated the 
influence of vitamin E supplementation on markers of oxidative stress and immune 
changes in response to the Triathlon World Championship. In a randomised, double-
blinded study thirty-eight triathletes received 800 IU.day'i of vitamin E for 2 months 
prior to the event. Data from the supplementation group showed that vitamin E 
resulted in a significant increase in plasma F2-isoprostanes, IL-6, IL-1ra and IL-8. 
These data indicate that vitamin E supplementation, compared to a placebo control 
promotes lipid peroxidation and inflammation during exercise. 
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Due to the lipophilic nature of vitamin E, it is considered that a longer intervention 
period is required to result in complete equilibration within cell membranes than a 
water-soluble vitamin such as vitamin C. Data from the study by Phillips et al. (2003) 
suggest this may not be necessary in order to see an effect of a mixed 
supplementation. Their intervention strategy supplemented healthy, untrained males 
with mixed tocopherols, flavonoids and docosahexaenoate for 7 days prior to 
eccentric exercise, and for a further 7 days after exercise. Although there were no 
group differences for CK, there was a significant reduction in JL..6 (p=0.008) and 
CRP (p=0.003) following intervention. This suggests that predominantly eccentric 
exercise-induced inflammation can be significantly reduced by short-term antioxidant 
supplementation prior to exercise. As with all mixed intervention studies it is 
impossible to assess potential synergies and to evaluate which specific antioxidants 
are exerting the effects without deconstructing the mixture and testing individual 
components and combinations. The lack of an effect of supplementation in the current 
study could partially be accounted for by the type of exercise model used and, that the 
subjects were accustomed to regular physical activity. Those individuals more 
accustomed to regular activity are likely to have higher endogenous antioxidants, as 
part of the adaptive process (Higuchi et al., 1985; Alessio & Goldfarb, 1988; Ji et aI., 
1988; Ji, 1993). However, this does not explain the modulation of responses with 
vitamin C in Chapters 4 and 5. 
Heat shock protein 70 is a stress-induced cytosolic protein that has been shown to 
induce pro-inflarrunatory cytokines (Fehrenbach & Northoff, 2001b). Heat shock 
protein 70 serum profiles reflect the typical exercise-induced JL..6 response (Liu et aI., 
1999b); peak concentration occurred immediately post-exercise, with approximately a 
6-fold increase from baseline. A published vitamin E intervention study (500 ill daily 
for 8 days) reported a blunted Hsp72 post -exercise response following treadmill run to 
exhaustion (Niess et al., 2002). Unpublished data from the Pedersen group in 
Copenhagen (personal communication) compared a control group to healthy, young 
males who ingested 400 lU of vitamin E and 500 mg of vitamin C daily for four 
weeks before completing 3 h of two-legged knee-extensor exercise. Exercise resulted 
in increased values in skeletal muscle Hsp72 mRNA, this response was blunted in the 
antioxidant treatment group. 
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Trained athletes demonstrate higher leukocyte and skeletal muscle Hsp expression 
than sedentary individuals (Liu et al., 1999b; Fehrenbach et al., 2000). This suggests 
that 'trained 'cells provide high Hsp transcript levels for immediate translation when 
necessary, i.e. after a stressor event, such as strenuous exercise (Fehrenbach et aI., 
2000). It would be interesting to compare data from the current study to a population 
group who are unaccustomed to exercise. This would determine if the ability to 
respond to a stress challenge was different between groups, or if there is a difference 
in response kinetics. 
Increased inflammation post-exercise has been linked with muscle damage (Bousquet 
et aI., 1996; Clarkson & Sayers, 1999; Konig et al., 2001). However, increased 
cytokine concentrations have been detected after moderate cycling exercise involving 
little tissue damage (Cannon & Kluger, 1983), as well as after eccentric exercise that 
causes extensive damage to muscle sarcomeres (Cannon et aI., 1991). This suggests 
that muscle damage does not have to be a requisite for the post-exercise inflammatory 
response. Viti et al. (1985) propose that, as a result of exercise, skeletal muscle 
compression of lymphatic vessels increases drainage of cytokine-rich lymph into the 
vena cava resulting in elevated serum concentrations. Increased intestinal 
permeability during exercise (Pals et aI., 1997) can allow entry of LPS from the gut 
flora, which is a direct stimulus for cytokine production. However, the main source of 
exercise-induced cytokines has been shown to be directly derived from skeletal 
muscle from studies that have canulated the femoral vein and measured the local 
output of cytokines from the muscle (Pedersen et al., 2oo1a). There are many external 
factors, of which strenuous exercise is one, that contribute to inflammation and 
increased levels of cytokine production. 
6.4.6 Cortisol 
In response to the LIST there was a significant increase in total serum cortisol 
immediately-post and Ih post-exercise. There was no change in salivary cortisol, in 
contrast to the previous study (Chapter 5), which reported an increase in salivary 
cortisol Ih post-exercise. Chapter 5 presented reasons why salivary cortisol may not 
be the best measurement method for this biomarker. From these studies it would 
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appear that serum cortisol is a more robust marker for in vivo cortisol release post-
exercise. In the present study there was no effect of supplementation on post-exercise 
cortisol responses in either group. As discussed previously, a vitamin C and E 
intervention study recorded reduced levels of serum cortisol in the intervention group 
post-exercise (Fischer et ai., 2004). High doses of vitamin C also reduce post-exercise 
cortisol concentration (Nieman et al., 2000a; Peters et al., 2001a). 
6.4.7 Leukocyte counts 
In this study the post-exercise leukocyte profiles were comparable to those reported in 
Chapter 5, although of different magnitude, measured in this study. One hour post-
exercise the total leukocyte cell counts were higher in the current study (PI; 12.08 ± 
1.29 x 109 cells.r\ as compared to the PI group count in Chapter 5 (PI; 8.7 ± 1.1 x109 
cells.r\ This observation was unexpected, especially as it has been suggested that 
neutrophilia following exercise is more dependent on the duration than the intensity of 
exercise (Gabriel & Kindermann, 1997). Even although the intensity was theoretically 
the same for all subjects, this may fluctuate between individuals if they are more 
accustomed to this type of exercise. However, the duration of the exercise protocol 
was absolutely consistent between studies (Chapter 5 & 6). 
6.4.8 Phagocytosis & respiratory burst 
When macrophages are exposed to oxidative stress, the vitamin E content of these 
cells is significantly reduced (Coquette et ai., 1986). Vitamin E deficiency is reported 
to compromise neutrophil functions including directed cell movement and ingestion 
of C3b and IgG opsonised particles (Harris et al., 1980). High dose supplementation 
of vitamin E results in an increase in neutrophil vitamin E content, which significantly 
enhances the phagocytic uptake of opsonised particles, although it may mildly reduce 
their bactericidal activity (Baehner et al., 1977). This is possibly due to a decreased 
release of hydrogen peroxide, which protects their membranes from oxidative damage 
and increases the efficiency of phagocytosis but reduces the peroxide-mediated attack 
on ingested micro-organisms. In this study there was no effect of supplementation on 
either monocyte or neutrophil phagocytosis or respiratory burst. 
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6.4.8 Adhesion & cell-surface markers 
There were no consistent changes induced by either exercise or supplementation on 
any of the adhesion molecules or cell activation markers measured. Additional 
markers selected for measurement in this study were CD95 and CD126. CD95 was 
included to assess if the LIST results in an increase in apoptosis as it is a demanding 
exercise protocol. CD126 was included for the first time in this study as it is the IL-6 
surface receptor, and together with soluble IL-6 it was considered that a more in-depth 
analysis of IL-6 associated proteins may provide more insight into the lack of 
modulation of IL-6 observed in previous studies (Chapter 4 and 5). 
CD95 (Fas or APO-l) is strongly up-regulated on activated cells; with the 
extracellular component of CD95 mediating apoptosis. It was interesting to observe 
that the LIST does not result in an increase in apoptosis of the leukocytes, even 
although there is elevated muscle damage and increased cytokine production. Mooren 
et al. (2002) report that the expression of the CD95 receptor expression on 
lymphocytes is up-regulated following maximal exercise to exhaustion. Whilst longer 
in duration, the LIST protocol employed in this study did not run the subjects to 
exhaustion. In contrast, Steensburg et al. (2002) despite a significant increase in the 
proportion of apoptotic cells, found no significant increase in the overall number of 
apoptotic cells following 2.5h of running at 75% VOZmax 
The IL-6 surface receptor (CDI26) is expressed on activated monocytes and 
lymphocytes. Whilst there was a significant increase in soluble IL-6 concentrations 
detectable in the serum in response to exercise, there were no corresponding changes 
in the IL-6 receptor expression on the surface of the leukocytes. This corresponds to 
the soluble IL-6 receptor data in this study, which also did not change in response to 
exercise. Expression of both CD95 and CD 126 was negligible on any of the leukocyte 
subtypes analysed. This suggests that in the post-exercise period following the LIST 
there was no activation or apoptosis as a result of this specific exercise stressor. This 
is in contrast to the hypothesised outcome, as apoptosis has been reported to be 
induced by strenuous exercise in different cells, including lymphocytes and myocytes 
(Fehrenbach & Northoff, 2001b). Mars et al. (1998) reported significant apoptosis in 
human peripheral blood cells following a treadmill test to exhaustion. The LIST 
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exercise model may not induce high enough levels of stress to cause an increase in 
apoptosis of peripheral blood cells. In this study it was not possible tell if there was an 
effect on myocyte apoptosis. 
From the comprehensive cell-surface marker analyses performed during the current 
and previous study it can be concluded that, for the LIST model of exercise, there are 
no biologically significant changes induced in the markers selected and that there is 
little utility in further analysis of these markers. 
6.4.9 In vitro cytokines 
Serum concentrations of cytokines reflect the amount of cytokines that have been 
released or produced in response to a stimulus, in this case, strenuous exercise. The 
current study provided a platform to test a novel product for whole-blood cell culture 
in the field; the Instant Leukocyte Culture System (ILCS), developed by GmbH 
(Germany). Measuring cytokine production in vitro is a means of assessing the 
potential reactivity of a cell to a stimulus, and may reflect the ability of a cell to react 
to additional stimuli in vivo, following a stress event. An advantage of this type of 
whole-blood cell culture is that it contains all the cells present in peripheral blood, 
allowing intercellular communication within the culture. In traditional endotoxin or 
mitogen stimulation assays a constant number of cells are assayed, however, this does 
not take into account the exercise-induced redistribution of Ieukocytes. The ILCS 
system does not involve having to make cell counts and therefore does not assay 
consistent numbers of cells, but does assay relative proportions of the peripheral 
blood. This provides data on cell responsiveness at a particular moment in time post-
exercise. However, using this system it is not possible to calculate approximate 
cytokine production per cell or cell type. Whilst it can be argued that in vitro cell 
culture provides 'unphysiological' data; the assessment of in vitro cytokine 
production is a useful tool for assessing functional capacity of cells, rather than the 
steady state that is represented by serum or plasma cytokine measurements. 
The standard technique for this type of assay cannot be performed in the field due to 
the requirement of specialist equipment such as microbiological containment cabinets 
and carbon dioxide incubators. The standard technique also requires the skill of a 
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trained cell biologist to carry out the procedures effectively. A criticism of the current 
study is that there is no data from standard whole-blood cell culture methods to 
directly compare to the ILCS system. This was due to the geographical and logistical 
constraints that were associated with this. 
The only significant effect (p<O.05) observed on the in vitro spontaneous synthesis of 
IL-6 following exercise was an increase in the PI group immediately post-exercise. 
The concentrations of IL-6 that were measured post-LPS stimulation were extremely 
high and had to be assayed several times to fall within the range of the assay. This 
suggests that the concentrations of LPS were too high for this analyte i.e. the cells 
were hyper-responsive to the level of LPS, and as such were beyond the threshold for 
modulation. A recommendation conveyed to the manufacturers of the ILCS system 
was that it may be necessary to provide different concentrations of LPS, dependent 
upon the cytokine under investigation. 
There was a significant increase in the stimulation of IL-I 0 following exercise in both 
groups. Interleukin-lO plays an important role by suppressing the release of pro-
inflammatory mediators from cells of the non-specific immune system and is mainly 
produced by Iymphocytes, monocytes and macrophages. As is consistent with other 
analytes measured in this study there was a broad range of variation in the inter-
individual concentration. Differences in cytokine production might be explained by a 
genetically determined ability to respond to an LPS challenge, as suggested by 
Santamaria et al. (1989). The increase in IL-IO production post-exercise in the 
stimulated cultures is consistent with the increase in serum concentrations of IL-I O. In 
the cell culture media the peripheral blood cells are the source of the cytokine, 
whereas the serum source is less clear as other cells, especially skeletal muscle cells, 
may be contributing to the elevation in concentration post-exercise. 
The release of IFNy was significantly, transiently suppressed, following exercise, with 
maximal suppression observed at lh post-exercise. Twenty-four hours post-exercise 
IFNy concentration had returned to baseline. Gamma interferons are produced by 
The1pcr and NK cells in response to viral infection. They exert antiviral activity by 
inhibiting viral protein translocation and degrading viral mRNA (Janeway & Travers, 
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1996). Absolute lymphocyte numbers did not change in response to exercise, nor did 
the relative percentage of the NK cells as a proportion of the lymphocytes in the post-
exercise period. Therefore, the decrease in IFNy concentration post-exercise cannot 
be attributed to changes in NK cell number, supported by earlier findings by Northoff 
et al. (1994). In a separate publication, Northoff et al. (1998) reported strongly 
depressed production of IFNy in response to a stimulus following strenuous exercise. 
Lipopolysaccharide is well documented as a potent inducer of INFy. This pathway is 
considered to be T cell-independent. Interferon gamma is thought to stem from NK 
cells that are stimulated by IL-12, derived from macrophages (Trinchieri, 1994). Due 
to the lack of change in NK cell numbers post-exercise, the decrease in INFy 
production in the current study suggests that the LIST model is resulting in the 
modulation of cell responsiveness. 
The decrease in peripheral blood capacity to produce INFy is in contrast to serum 
concentration, although serum concentration was not measured in the current study. 
Reported studies show that serum concentrations of interferon increase immediately 
following exercise (Sprenger et al., 1992; Suzuki et al., 1996; Gannon et aI., 1997). 
This highlights the differences between functional measures and steady state markers. 
However, the data suggest that the LIST model dampens cell responsiveness. This 
may predispose subjects to increased susceptibility of viral infection and pathogen 
invasion in the immediate post-exercise period. These data fit with 'the open window 
of infection theory' proposed by Pedersen & Ullum, (1994). 
In conclusion, as a novel methodology the ILCS culture system proved simple and 
straightforward for use by non-cell biologists and is recommended for future whole-
blood in-vitro cell culture. 
6.4.10 Summary and conclusions 
Data from the current study were in contrast to the post-exercise modulation effects of 
vitamin C supplementation alone (Chapters 4 and 5). However, in terms of study 
design and execution, the current study was the most comprehensive to date; with 38 
subjects each receiving 6 weeks of antioxidant or placebo supplementation. Whilst 
there was no effect of supplementation, the data from this study, together with the 
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data from Chapter 5, provide a comprehensive analysis of the effect of an intermittent 
shuttle running model on post-exercise responses. In contrast to more artificial 
exercise models that have been investigated, these data provide a valuable insight into 
how real, intermittent sporting activities such as football and basketball impact on 
human physiology and post-exercise functionality. 
Whilst this study has expanded our knowledge on post-LIST exercise responses, it is 
more difficult to rationalise why the antioxidant supplement was ineffective. The 
subjects in the current study, although unaccustomed to the exercise protocol, were 
habitually active. Physical exercise is well documented to up-regulate endogenous 
antioxidants (Ji, 1999; Powers et al., 1999; Miyazaki et aI., 2001). It is plausible that 
elevated in vivo enzyme levels in these subjects negated any effects of the 
antioxidants. Handelman et al. (1994) estimated that over 2 years dietary intervention 
are required for the ratios of a- and y-tocopherols to reach new steady state levels in 
response to changes in dietary intake. If this evaluation is correct, then the majority of 
all published vitamin E supplementation studies will not achieve a whole-body steady 
state for vitamin E compartrnentalisation. Regardless of this, benefits on post-exercise 
responses have been reported employing shorter intervention times following vitamin 
E supplementation (Jakeman & Maxwell, 1993; Rokitzki et al., 1994b; Itoh et al., 
2000; Bryant et aI., 2003). 
The initial rationale for this investigation was derived from the effects of vitamin C 
only supplementation and the hypothesis that a combination of supplements would 
have an additive or synergistic effect. Unfortunately, a negative impact of the 
supplementation design adopted is that, from the data available, it is impossible to 
identify exactly why we did not observe any effects of supplementation, as compared 
to vitamin C only. Assessment of the individual antioxidants and additive 
combinations was beyond the scope of this thesis. 
Therefore, future recommendation for this combination of antioxidants is that, from 
the data in the current study, it is not possible to recommend this antioxidant mixture 
for the reduction of post-exercise damage and improved recovery. This is because it 
conferred no advantage or benefit on the markers of muscle damage and inflammation 
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post-exercise that have been analysed. Data from the study provide cause for some 
concern, as the antioxidant mixture negated the effects of vitamin C only 
supplementation, although the supplementation period was much longer than 
previously investigated (Chapters 4 and 5). 
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CHAPTER 7 
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A comparison of the influence of a natural (acerola cherry) 
and synthetic source of vitamin C on immune and muscle 
damage markers following intermittent shuttle running 
7.1 Introduction 
Previous studies have demonstrated that supplementation with 800 mg per day of 
vitamin C for seven days prior to strenuous exercise (downhill running and 
intermittent shuttle running) leads to a reduction in protein markers of muscle damage 
and a reduced loss of muscle function, both of which are induced by exercise stress 
(Chapters 4 and 5). Nutritional supplements as ergogenic aids and for the abrogation 
of the damaging effects of exercise is an expanding consumer market. There is limited 
evidence for the efficacy of many of the products that are currently available to the 
consumer; often efficacy is anecdotal. Scientifically it is important to distinguish 
between factual and fictional benefits of such products. Evidence from several 
published studies supports the earlier findings for the benefits of vitamin C 
supplementation, in association with strenuous exercise (Kaminski & Boal, 1992; 
Jakeman & Maxwell, 1993; Alessio et al., 1997; Ashton et al., 1999; Peters et al., 
2001a; Thompson et aI., 2001b; Wilson et al., 2001). These studies have all 
investigated synthetic sources of vitamin C, mainly in tablet form. 
Acerola cherry (Malpighia sp.) is also known as the Barbados or West-Indian cherry. 
It has historically been recognised as a concentrated source of vitamin C (Asenjo & 
Friere de Guzman, 1946) and is the richest known food source (Clein, 1957; Davey, 
2000). The acerola fruits have an ascorbic acid content as high as 4% of fresh fruit 
weight (Nakasone, 1966). An 180ml glass of fresh acerola juice can contain as much 
vitamin C as 14 litres of orange juice (Johnson, 2003). The highest content of vitamin 
C in acerola occurs at the immature, green stage of the fruit; the yield falls as the fruit 
becomes riper (de Assis et al., 2001). Administration of acerola in a processed form 
provides a method for preserving the nutritional integrity of the acerola cherry. 
Unprocessed, the fruit degrade quickly, within 4h of harvest. The fruits may be 
processed into various forms, including fresh and frozen juices and vacuum or spray 
dried powders. The processed powders may contain up to 38% ascorbic acid 
(Chapman, 1984). In addition to vitamin C, acerola is a source of vitamin A, and iron, 
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as well as calcium, phosphorous and B vitamins (Asenjo, 1980). Acerola is currently 
used as a commercial source of vitamin C in dietary supplements and other food 
products in the Americas but is currently less widely available in Europe. 
Supplementation with a natural source of vitamin C may have additional health 
benefits to those reported for post-exercise recovery. A diet rich in fruit and 
vegetables is suggested to contribute to a reduced risk of cancer and neurological 
degeneration (Block et aI., 1992; Bickford et aI., 1999). A direct comparison between 
a synthetic and a natural source of vitamin C is an essential element of antioxidant 
research, as natural sources, such as acerola extract, will contain additional bioacti ve 
phytochemicals, such as anthocyanins. These may affect the activity and 
bioavailability of the vitamin C. The presence of these additional antioxidant 
compounds might have a synergistic effect, so enhancing the activity of the vitamin C. 
This could result in greater modulation of the post-exercise responses than synthetic 
vitamin C alone. Anthocyanins extracted from cherries have been shown to exhibit 
anti-inflammatory properties, via the inhibition of cyclo-oxygenase activities (Wang 
et aI., 1999; Seeram et aI., 2001). Conversely, it could also be postulated that there 
may be a negative or inhibitory interaction between the bioactives contained within 
the acerola extract. This could result in data similar to the results obtained in Chapter 
6 or even a negative effect, that is, an enhancement of muscle damage. Because of the 
practical implications for these hypotheses, the presented study provides an initial 
investigation into the comparison of a natural source of vitamin C with a synthetic 
source, on post-exercise physiological and immune responses. 
The described study supplemented the commercially available Unilever ready-to-
drink tea beverage; Lipton-Fusion, with food-grade acerola cherry pulp and was 
packaged into 330ml cans. The resulting beverage was non-carbonated, pasteurised 
and stored at 4°C until consumption. Each 330ml beverage contained approximately 
400 mg of vitamin C sourced from acerola and provided an equivalent dose of vitamin 
C to the synthetically sourced tablet. Due to the lack of modulation immune markers 
in Chapter 6 in response to supplementation and limited modulation in Chapter 5 with 
vitamin C intervention, the immune measures in the described study have focused on 
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IL-6, IL-1O, CRP, hsp and cortisol. The markers of muscle damage and function 
included were as previously investigated (Chapters 4, 5 and 6). 
The Loughborough Intermittent Shuttle Test was the exercise model selected for this 
study, as previously employed in Chapters 5 and 6. Vitamin C (800 mg per day), 
either as tablet or beverage form, or a placebo tablet, was supplemented for 7 days 
before exercise, and for 7 days after exercise. This dose was consistent with that 
supplemented in previous studies (Chapters 4 and 5). The aim of the current 
investigation was to determine and compare the effect of natural vitamin C 
supplementation with a synthetic source of vitamin C, on the recovery from exercise-
induced muscle damage, muscle soreness and immune system perturbation. 
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7.2 Materials & Methods 
7.2.1 Subject characteristics 
Thirty males volunteered to participate in this study, which had approval from 
Loughborough University Ethical Committee. Individuals were required to complete 
a mandatory health questionnaire and provide written informed consent prior to 
participation in the investigation. They were also informed both verbally and in 
writing about the demands of the study. All participants were habitually active in a 
variety of sports. Subjects who smoked or took vitamin supplements were excluded 
from the study. The groups were matched for physical characteristics and activity 
levels (Table 7.2.1). 
Table 7.2.1 Physical characteristics of the supplementation groups (mean ± SD) 
Placebo Vitamin C Acerola drink 
(n=10) tablet (n=10) (n=10) 
Age (yrs) 22.5 ±3.0 23.5 ± 3.1 22.4 ± 2.1 
Height (m) 1.81 ± 0.09 1.81 ± 0.06 1.8 ± 0.06 
Body mass (kg) 78.2 ± 7.1 77.6±5.3 74.6 ±5.1 
Sum of skinfolds (mm) 34.7 ±6.3 36.8 ±7.7 29.1 ±4.5 
V02max (ml.min.kg-1) 58.0 ± 1.8 55.7 ±2.0 60.0±3.7 
Training sessions (per week) 5±2 4±1 5±2 
Daily vitamin C intake (mg) 103 ± 10 123 ± 16 123 ± 17 
7.2.2 Supplementation 
Subjects were assigned, in a randomised, partially double-blind design into one of 
three supplementation groups. Subjects consumed a placebo tablet (PI) (800 mg.dai1, 
lactose, Nova labs), a vitamin C tablet (Vc) (800 mg.dai1 Nova labs), or an acerola-
cherry beverage (Ac), (prototype Lipton drink containing acerola cherry pulp at a 
vitamin C dose of 800 mg.dail, Unilever Ready-to-Drink Tea group, Sharnbrook, 
UK). The PI and Vc supplements were taken in capsule form twice daily, with water 
at mealtimes. The Ac drink was supplied in 330ml cans, and consumed twice daily 
with food. The supplementation period was for a total of 14 days; 7 days prior to 
exercise, and for 7 days following exercise. A venous blood sample was taken from a 
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forearm vein prior to commencing supplementation. Subjects were required to weigh 
and record all food and fluid intake for 2 days during the 2 weeks supplementation. 
Subjects completed the 90min Loughborough Intermittent Shuttle Test (LIST) on the 
eighth day of supplementation. 
The beverage base for the Ac drink was Lipton-Fusion, a commercially available, 
cold, ready-to-drink tea with fruit juice (see Appendix 3 for beverage ingredients). 
The Ac beverage did not include the added vitamins that were usually added to the 
commercially available product. Unilever's Safety and Environmental Assurance 
Centre granted safety clearance for human consumption for the contents of the acerola 
drink. Once produced, the final product was sent for microbiological clearance 
(Unilever R&D Col worth) prior to distribution. The vitamin C content of the cans was 
matched to that of the vitamin C tablet-formulated supplement. Latterly, the vitamin C 
content of the beverage cans was tested 12 months after manufacture to assess 
stability of the product. 
7.2.3 Experimental design 
On the eighth day of supplementation individuals completed ~he Loughborough 
Intermittent Shuttle Test (LIST) (as described in Chapter 3). Subjects exercised at an 
average intensity that was approximately 70% of their maximal oxygen uptake 
(V02max), predicted from the multi-stage fitness test, for 90min. 
Subjects reported to the laboratory having refrained from strenuous physical activity 
for at least two days and after an overnight fast (1O-12h). An 8ml venous blood 
sample was taken from a forearm vein prior exercise and again immediately post-
exercise, 1, 24 and 48h post-exercise. Ratings of perceived soreness were recorded 
prior to exercise and again up to 168h post -exercise. Muscle function was assessed 
pre and post-exercise at approximately 24, 48, 96 and 168h later (± 2h). 
Nude body mass was determined before and immediately following exercise. Subjects 
ingested water at regular intervals throughout the exercise. A pre-exercise bolus equal 
to 5rnl.kg·! was ingested prior to the LIST and 2ml.kg·! following each 15min block. 
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Heart rate was monitored every 15s, using short-range telemetry (Polar 8810, 
Finland). 
7.2.4 Muscle/unction, soreness & damage markers 
Maximal voluntary contractions were measured prior to and post -exercise as 
presented in Chapter 3. Prior to exercise and up to 168h following exercise active 
soreness was assessed, using a 10 point scale, which ranged from 1 = 'not sore' to 10 
= 'very, very, sore', as outlined in Chapter 3. Serum markers of muscle damage 
measured were myoglobin and creatine kinase. (Chapter 3). 
7.2.5 Blood analysis 
Interleukin-6 and IL-1O were analysed using a high sensitivity ELISA as described in 
Chapter 3. C-reactive protein and heat shock protein 70 were measured by standard 
ELlS A. F2-isoprostanes were measured by DELFIA (Chapter 3). Serum uric acid and 
total cortisol were measured as described in Chapter 3. 
7.2.6 Statistical analysis 
Data was analysed using SAS software in collaboration with Unilever's Data Science 
department. For the analysis of the post-exercise values, the pre-exercise values were 
used as a covariate in a repeated measures mixed model of analysis. For the muscle 
function and soreness data, the post-exercise means were adjusted to a common pre-
exercise value (the mean over all the groups). For cortisol analysis, the post-exercise 
stage repeated measures analyses were performed as above but additionally included 
the pre-supplement value as a covariate in the analysis. For the analysis of cytokines 
and isoprostanes, the raw data values were log transformed and all significance testing 
performed for the log-transformed values. The means quoted are transformed back to 
the original metric. Significance between treatment groups or effect over time was 
accepted at the 5% level. Values are expressed as the mean ± standard error of the 
mean (SEM) throughout, unless otherwise expressed. 
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7.3 Results 
7.3.1 Physiological response to exercise 
The mean heart ra te during exercise was placebo (PI) 166 ± 3, vitamin C (Vc) 163 ± 
4.5 and acero la (Ac) 156 ± 4.6 beats. min-I and increased during exerc ise (p<0.05). 
Body mass decreased from pre-exercise values (corrected for fluid intake) by PI ; 0.62 
± 0.06 %, Vc; 0.6 1 ± 0. 1 %, Ac; 0.47 ± 0. 14 %. There were no s ignificant changes in 
plasma vo lume througho ut the study in any treatment group ( I h post-exerc ise; PI ; 1.2 
± 2.9 %, Vc; -0.2 ± 3.6 % and Ac; 0.9 ± 1.1 % change in plas ma volume from pre-
exercise value). 
7.3.2 Vitamin C plasma profiles 
The vitamin C plasma profil es of the three groups are presented in Figure 7.3.2. 
Analyses performed on the pre- treatment data showed that there was no signifi cance 
between the three groups at thi s point (p=0.94). As there was a signifi can t re lationship 
between the changes from baseline and the pre-exercise va lue, the pre-exerc ise values 
were included as a covari ate. Following adjustment for the pre- treatment va lues there 
was a signifi cant difference between the Vc and Ac groups and the placebo foll owi ng 
7 days of supple mentation (p=0.03). At no time point was there any difference 
between the values for Vc or Ac supplementa tion groups. There was an elevation in 
plas ma vitamin C levels as a result of the intermittent shuttle-running test, which 
returned to pre-exercise baseline 24h post-exercise. 
Analys is of the vitamin C content of the beverage cans 12-months after manufacture 
showed that there was a vitamin C loss of 9.7% pe r can. The beverage cans had been 
stored at 4°C for the 12-month peri od. 
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7.3.3 Muscle dam.age markers 
Serum myoglobin increased after exercise In all 3 groups (p<O.05), peaking 
maximally Ih post-LIST (Figure 7.3 .3a). Both the Vc and Ac groups had a 
significantly lower concentration of Mb than the PI group at I and 24h pos t-exercise. 
There was no difference between the Vc and Ac profil es. The concentration of 
myoglobin had returned to baseline 24h post-exercise. Serum creatine kinase (CK) 
increased in all three of the intervention groups following the LIST protocol. Peak 
activity was recorded 24h post-exercise (p<O.05) (Figure 7.3.3b). There was a 
significantly lower CK response with vitamin C treatment, administered in ei ther 
tablet or beverage form at I and 24h post-exercise (p<O.05); as compared to the PI. 
Levels of CK were still e levated above baseline 48h post-exercise in all groups. 
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7.3.4 Muscle jUllctioll 
There was a signi fica nt reduction 24h pos t-exercise for all groups in the isometric 
max imum voluntary leg fl ex ion (Figure 7.3.4a). At both 48h and 96h post-exercise the 
Vc and Ac groups had returned to ba eline, whil st the PI group demonstrated 
signifi cantl y lower MVC (p<O.05) than either the Vc or Ac treatment groups. The PI 
group had returned to baseline by 168h post·exercise. There was a s ignificant 
reduction 24h post·exerc ise in the isometric voluntary leg extension (Figure 7.3.4b) 
but no signifi can t di fferences between the intervention groups. 
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7.3.5 Muscle soreness 
Subjective muscle soreness increased in all treatment groups at 24h post-exercise and 
returned to baseline by 96h post -exercise. Measures of subjecti ve soreness were 
significantly greater in the PI group than the Vc or Ac treatment groups at 24h and 
48h pos t-exercise (p<0.05), as presented in Figure 7.3.5. 
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Figure 7.3.5 Ratings afperceived soreness (10 point scale)following intermittent 
shuttle running fo r the PI, Vc and Ac supplemented groups (mean :1: 
SEM). * all groups different ji"OlIl/JI"e-exercise (p<0.05), # PI different 
to Vc al/d A c (p<0.05). 
7.3.6 Biojluids 
7.3.6a Cylokilles, C-reactive proteill & heal shock proteill 
Figure 7.3.6a presents the IL-6 serum cytokine profile in response to intermittent 
shuttle running. Max imal concenu·ation was recorded immediately post-exercise (PI ; 
10.3 ± 2.04 pg. mr! ) and was significantly elevated in all treatment groups (p<0.05). 
Levels of IL-6 had returned to pre-exerci se values by 24h post-exercise. There was no 
significant difference between the trea tment groups at p<0.05. However, the PI group 
trended towards a greater IL-6 response than either Vc or Ac trea tment. The 
probabi lities for pai r-wise differences were; p=0.83 for the Vc and Ac; p=0. 12 
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between Ac and PI and p=O. IO for Vc and PI. C-reacti ve prote in pro fil e was elevated 
in all groups 24 and 48h post-exercise (p<O.OS); Figure 7.3.6b. There was no 
difference between treatment groups at any time point. lnterleukin- IO was 
significantly elevated in response to exercise; the max imal concentration recorded 
was I h post-exercise (PI; 14.S0 ± 17.4S pg.mr l ). There was considerable inter-
indi vidual vari ati on within the PI group for the lL- 1 0 response, as noted by the large 
standard error va lues for the post-exercise responses. Heat shock protein-70 serum 
concentration was elevated maximall y immediate ly post-exercise (PI; 6. IS ± 3.98 
ng.mr l ) in all groups. The serum concentration had returned to baseli ne 24h post-
exercise (Table 7.3.6). 
14 
12 
.-. 10 
~ 
'-
E 8 Cl 
Cl. 
--
6 10 , 
..J 4 
2 
0 1-
PT 
Figure 7.3.6a: 
Pre-
exercise 
* 
IMPE 
* 
1h 
__ Placebo 
___ Vitamin C tab let 
-+- Acerola drink 
24h 46h 
Serum interleukin·6 concentration pre-treatment (PT) and 
fo llowing intermittent sh.uttle running fo r th.e PI. Vc and Ac 
supplemented groups (m.ean 1: SEM). * all groups different 
ji-ont pre-exercise (p <O.05). 
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7.3.6b Cortisol 
There were no significant changes in serum corti sol concentration in any group at any 
time-poinl following exercise. The post-exercise means were adj usted to the overall 
mean pre-supplement value for analysis. The va lues recorded for the vitamin C group 
were higher than for the other groups, but not significantly so (Table 7.3.6). 
7.3.6c F 2-isoprostanes & uric acid 
There was a significant change in isoprostane concentration from the pre-s upplement 
pha e to the pre-exercise phase over all of the treatments (p=O.04). However, th is 
change wa not s ignificantly different between treatments at any time point. There 
was a significant increase in the concentration of uric acid immediately-post and I h 
post-exercise (Table 7.3.6). 
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Table 7.3.6: Biofluid concentrations pre-treatment (PT) and following intermittent shuttle running for PI, Vc and Ac supplementation groups 
(means ± SEM). * different from pre-exercise (p <0. 05 ) 
Analyte Biofluid Group PT Pre-exercise IMPE Ih 24h 48h 
JL-to serum PI 0.50±0.03 0.62 ±O.26 10.22 ± 12.47* 14.50 ± 17.45* 0.79±0.26 1.26 ± 0.54 
(pg.mr') Vc 0.27 ±O.05 1.18 ± 0.46 4.25 ± 1.87* 7.89 ± 1.72* 2.59 ± 1.90 0.47 ±0.80 
Ac 1.49 ±0.27 0.31±0.11 5.67 ±5.47* 7.85 ±2.56* 0.49 ±0.08 
Hsp70 serum PI 1.20 ± 3.60 1.88 ± 3.92 6.15 ± 3.98* 4.10 ±4.63* 0.96±6.04 1.16 ± 3.52 
(ng.mr') Vc 1.44 ± 0.43 1.57 ± 0.41 5.28 ± 1.87* 4.17 ± 1.01 * 1.33 ±0.25 1.36 ± 0.76 
Ac 1.40 ± 1.54 1.07 ± 0.28 7.18 ± 0.96* 5.45 ±0.64* 1.42 ± 0.16 1.40 ± 1.47 
Cortisol (total) serum PI 471 ±39 401 ±29 502±53 456 ±62 490± 47 463 ±53 
(nmol.r') Vc 506 ±83 564 ± 41 569±58 487 ±52 480±47 492 ±40 
Ac 404±29 436±33 468 ±75 447 ±64 364±46 381 ± 37 
F 2-Isoprostane serum PI 5.3 ± 0.9 4.8 ±0.8 4.5 ± 1.1 4.6 ± 1.0 5.2 ± 1.1 4.4±0.8 
(ng.mr') Vc 5.1 ± 0.7 4.3 ± 0.6 4.3 ± 0.6 4.3 ±0.7 4.6 ±0.2 4.4±0.6 
Ac 3.5 ±0.9 3.0 ±0.8 3.1 ± 0.9 2.8 ±0.8 2.8 ±0.7 2.9 ±0.7 
Uric acid serum PI 300 ± 12 346 ± 16* 369±20* 332 ± 14 310 ± 14 
(!tmol.r ') Vc 305 ± 17 343 ± 18* 352 ± 19* 332 ± 18 310 ± 15 
Ac 286 ± 17 333 ± 20* 341 ± 18* 320 ± 14 304 ± 16 
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7.4 Discussion 
The main aim of the current investigation was to determine and compare the effect of 
natural vitamin C supplementation with a synthetic source of vitamin C, on the 
recovery from exercise-induced muscle damage, muscle soreness and immune system 
perturbation. 
The main findings from this study were; 
There was no difference between synthetically sourced vitamin C and acerola-
sourced vitamin C in post-exercise responses 
Vitamin C taken seven days prior to intermittent shuttle running results in 
decreased muscle damage markers, decreased muscle soreness and a decreased 
loss in muscle function post-exercise 
There was no significant effect of vitamin C on markers of the immune 
system, although there was a trend towards decreased IL-6 
7.4.1 Serum vitamin C & bioavailability 
There was an increase in the plasma content of vitamin C following supplementation, 
regardless of whether it was administered as either a synthetic or natural source, 
indicating subject compliance. Consistent with previous data (Chapters 4, 5 and 6), 
following exercise there was an increase in serum vitamin C in all groups, including 
the placebo group, indicating the release or leaching of vitamin C into the serum as a 
result of the LIST. The vitamin C plasma profiles between Ac and Vc were not 
different from each other and the bioactivity, in terms of effects on muscle damage 
markers, soreness and function of the two sources was also not different. It has been 
suggested that the human body more readily absorbs ascorbic acid from natural 
sources, including acerola, than that which is synthetically produced (Tang, 1995; 
Hwang et aI., 2001). When tested, the vitamin C in an acerola powder was reported to 
be 1.63 times more bioavailable than synthetic vitamin C in a double-blind, 
randomised experiment (p=0.025) (Tang, 1995), although this requires further 
confirmation. Whilst no differences in post-exercise responses or kinetics were 
observed between the two sources of vitamin C investigated in the current study, it 
may be that if the two vitamin C sources were supplemented at much lower 
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concentrations, then acerola may be more efficacious, if it is more bioavailable and 
therefore may result in more effective tissue saturation. This could result in a 
reduction in exercise-induced loss of muscle function and increased muscle damage at 
lower concentrations than a synthetic source of vitamin C. 
7.4.2 Acerola vitamin C storage & palatability 
As with any source of vitamin C, the processing and storage conditions affect the 
shelf life of a product. Once the acerola beverage was produced it was pasteurised and 
stored at 4°C until required. Following storage for 12 months from the initial 
manufacture, the vitamin C content of the beverage was still found to be stable as 
there was a minimal loss of 9.7% vitamin C per can. It would appear that any initial 
degradation of vitamin C that occurred during manufacture does not progress further 
with storage. This is because the drinks were packaged in sealed aluminium cans and 
oxidation, as a result of any residual oxygen in the can, does not progress further once 
all of the available oxygen in the can has been used up. This helps to preserve the 
nutritional integrity of the beverage. Although not tested, it would be interesting to 
assess the effects of temperature storage on the stability of the vitamin C in the 
beverage. 
The acerola beverage tested in this study was only crudely formulated i.e., the juice 
extract was directly incorporated into the Lipton-Fusion base product; which resulted 
in sediment settling at the base of the can, this dispersed into the drink upon shaking. 
The taste of the product was an important factor for subject compliance. The high 
ascorbic acid content of the beverage resulted in a drink that was not too sweet, which 
made it more palatable. None of the subjects taking part in this study reported the 
taste as unpleasant. 
7.4.3 Muscle damage 
There was an exercise-intervention effect on the increased release of muscle damage 
proteins (myoglobin and creatine kinase) into the serum, consistent with previous 
studies (Chapters 4, 5 and 6). The maximal concentration of creatine kinase (PI; 1555 
± 246 UJ'I, 24h post-exercise) was consistent with the values obtained in Chapters 4 
and 6. Interestingly, the maximum Mb concentration recorded for the placebo group, 
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was much higher than for the previous studies (55.7 ± 11.9 nmol.r!; Ih post-exercise). 
It is unclear why the present study resulted in a higher maximal myoglobin response, 
as the exercise intensity was identical to those of Chapters 5 and 6, especially as 
creatine kinase profiles were comparable to previous observations. 
In the Vc and Ac supplemented groups, the maximal CK concentration was 
significantly lower than for the placebo group (p<O.05) at I hand 24h post -exercise, 
and the same observation was recorded for myoglobin. Interestingly, the intervention 
effect was observed with the same dose of vitamin C that was tested in Chapter 5, 
even although the peak concentrations of myoglobin were almost double in the 
present study, when measured in the same exercise model. As subjects between the 
studies were matched and conditions for the exercise testing were the same, it is 
unclear why these differences should occur. The assay protocol employed was the 
same throughout all of the studies, with validated controls being run for every assay. 
The study reported in Chapter 5 resulted only in a decrease in myoglobin post-
exercise and not creatine kinase with vitamin C supplementation. 
The data from the current study support earlier data presented in this thesis and 
suggest that vitamin C, in some way, reduces the amount of myofibrillar damage that 
results from intense exercise. Taking into account data from Chapter 5, there may be a 
plasma myofibrillar protein threshold required for vitamin C to exert an intervention 
effect. It would be interesting to investigate the threshold of response, both in terms of 
exercise mode, intensity and duration and vitamin C supplementation dose. 
7.4.4 Muscle function & soreness 
The LIST exercise protocol provides both concentric and eccentric muscle action. 
However, it is the eccentric component that is a potent cause of muscle damage 
(Newham et aI., 1983c; O'Reilly et al., 1987). As is consistent with previous findings 
(Chapter 5), there was a significant reduction (p<O.05) in dominant leg isometric 
flexion maximal voluntary contraction in the placebo group, 48 and 96h post-exercise. 
This effect was not seen in either the Vc or Ac intervention groups, indicating that 
vitamin C intervention seven days prior to intense exercise reduces the exercise-
associated loss of muscle function. The increased muscle dysfunction post-exercise 
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has been attributed to ongoing tissue damage (Jakeman & Maxwell, 1993; Thompson 
et al., 2001b). In the vitamin C supplemented groups, the reduced loss of muscle 
function was associated with a lower plasma concentration of myofibrillar proteins 
resulting in faster recovery from the exercise stressor. From the data in the current 
study it was not possible to explain the mechanism of action of vitamin C. Further 
experiments are required to investigate this to determine whether vitamin C is 
modulating the exercise-stress responses during exercise, in the post-exercise period, 
or a combination of both. 
Most of the muscle damage measurements made in this study are biochemical, plasma 
measurements or functional measures. All of these tests are important to elucidate any 
effects of vitamin C on muscle damage. However, subjective muscle soreness 
provides a useful measure of consumer perception on recovery from intense exercise. 
There was an increase in perceived muscle soreness post-exercise, consistent with 
previous data. The subjective soreness ratings were significantly higher for the 
placebo group than either Vc or Ac intervention groups (p<0.05). This finding is 
significant as it is often difficult to obtain statistically meaningful subjective data from 
small subject groups. Previous studies have reported reduced muscle soreness with 
vitamin C intervention (Kaminski & Boal, 1992; Thompson et al., 2001b). Jakeman 
and Maxwell, (1993) suggest that vitamin C may act by protecting cell structures, 
such as the sarcoplasmic reticulum, from oxidative stress and free radical injury. 
The present study appears to be the first time a dietary intervention study has reported 
a significant reduction in subject-perceived muscle soreness following 
supplementation with a natural source of vitamin C. This data is extremely important 
in terms of future recommendations for exercise nutritional therapy and potential 
product claims. If, in conjunction with supported scientific data, a product or 
supplement has a consumer perceivable post-exercise benefit, it is more likely to be 
successful and adopted on a regular basis by the end-user. 
7.4.5 Cytokines, cortisol and heat shock protein 
There were significant post-exercise elevations in serum IL-6, CRP, IL-10 and Hsp 70 
concentration (p<0.05). There was no exercise-induced cortisol response in this study. 
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Vitamin C, administered as synthetic or acerola form was ineffective in modulating 
these responses at a significance level of p<0.05. However, the immediately post-
exercise data for IL-6 suggests that there is a trend towards a reduced response with 
Vc or Ac supplementation (probabilities of a pair-wise difference between groups; Ac 
and Vc =0.83; Ac and PI =0.12; Vc and PI =0.10). Testing with larger subject 
numbers may reduce this effect to be significant at p<0.05. The peak concentration for 
IL-lO was approximately double for the PI group compared to either Vc or Ac 
supplemented groups. However, due to a wide distribution of individual responses 
immediately-post and Ih post-exercise this was not statistically significant. The lack 
of modulation is consistent with previous studies (Chapter 4,5, & 6), although the 
reasons for this are not clear. 
Other studies have reported a suppression of immune proteins with vitamin C 
intervention prior to exercise (Nieman et al .• 2000a; Peters et aI., 2001a; Thompson et 
al., 2001b). In intense exercise studies of over two and a half hours in duration the 
circulating levels of cytokines are much higher than are reported in the current study 
(Ostrowski et al., 1999; Moldoveanu et aI., 2000; Suzuki et aI., 2000; Starkie et al., 
2001a). It would appear that in the study population selected that the LIST provides 
insufficient metabolic stress to allow the adequate examination of the effects of 
vitamin C on immune measures. This is in contrast with the findings by Thompson et 
al. (2001b) who report a suppression of serum IL-6 with vitamin C intervention 
following the LIST protocol, although that study did achieve higher circulating levels 
of IL-6 than reported in all of the studies presented within this thesis. 
A double blind, randomised, crossover design exercise intervention study (running at 
70% V02max in a hyperthermic environment) assessed the consumption of blueberry 
polyphenols, compared to vitamin C, on oxidative stress (McAnulty et aI., 2004). In 
this study the oxygen radical absorption capacity (ORAC) of blueberries was matched 
to that of vitamin C, as opposed to matching the vitamin C concentration of the two 
groups, as in the present study. Vitamin C was dosed at 1250 mg per day for one week 
prior to exercise, much greater than the dose supplied in the present LIST study. They 
reported that there was no effect of intervention for the analysis of serum IL-lra, IL-6, 
IL-8 or IL-lO (McAnulty et aI., 2004). The group concluded that this was a 
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consequence of an insufficient exercise challenge, resulting in only a small increase in 
cytokines post-exercise. 
There is evidence that Bing sweet cherry consumption, in unchallenged subjects, 
trends towards decreased CRP concentrations, and therefore inhibition of 
inflammatory pathways (Jacob et al., 2003). With reference back to the McAnulty et 
al. (2004) study, the same argument can be applied to the CRP data from the current 
study. If a sufficient physiological or metabolic stimulus had been applied to the study 
population there may have been greater modulation of CRP. It is much more difficult 
to modulate a steady state in healthy normal subjects, compared to those who are 
compromised in some way, for example, by undertaking an exercise test. 
7.4.6 Oxidative damage 
The concentration of serum uric acid was significantly elevated from baseline in all 
three intervention groups, immediately-post and Ih post-exercise (p<0.05). Waring et 
al. (2001) observed a significant increase in serum free radical scavenging capacity 
from baseline during uric acid and vitamin C infusion in healthy volunteers. The 
effect of uric acid was substantially greater than that of vitamin C. The increased 
serum concentration of uric acid post-exercise, coupled with the exercise-induced 
increase in serum vitamin C, acts as an endogenous source of antioxidant. Serum uric 
acid possesses antioxidant properties, and contributes about 60% of free radical 
scavenging activity in human serum (Maxwell et al., 1997; Waring et al., 2000). In 
the present study, the endogenous antioxidant supply was not sufficient to neutralise 
all the radical damage induced by exercise, as evidenced by reduced muscle damage 
and soreness following vitamin C intervention. There is evidence that cherry 
consumption modulates plasma urate; the study described earlier (Jacob et al., 2003), 
reported that Bing sweet cherry consumption (2 servings of 280g after an overnight 
fast) decreased plasma urate. Similar doses of grapes, strawberries or kiwi fruit did 
not have this effect. The authors suggest that this decrease in urate, coupled with a 
trend towards reduced CRP, supports the anecdotal belief that cherries confer anti-
gout and anti-inflammatory benefits. 
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Waring et al. (2003) investigated the effect of administration of uric acid in a high-
intensity exercise test and examined the effect on 8-iso-PGF2a. Uric acid 
administration was found to abolish the exercise-induced elevation of plasma 
isoprostane concentration. The lack of a measured change in isoprostane 
concentration in the present study may be partially attributed to an increase in serum 
antioxidant activity (vitamin C and uric acid) in vivo. 
7.4.7 Summary and conclusions 
The data from the present study concur with previous findings (Chapters 4 and 5) that 
vitamin C, taken for 7 days prior to intense exercise, reduces muscle damage markers, 
muscle soreness and reduces the loss in muscle function post-exercise. Additionally, 
there was a trend towards decreased IL-6. This study has demonstrated that there is no 
difference between the effects of synthetic vitamin C and acerola-cherry extract on 
measures of muscle damage and soreness following the LIST exercise protocol (800 
mg.day'l, for seven days prior to exercise). Both sources are beneficial in aiding post-
exercise recovery. The ability of vitamin C to modulate post-exercise muscle damage, 
whilst having little effect on immuno-modulation suggests that these mechanisms 
have different pathways. 
Several criticisms can be made of this investigation; firstly, it was not a fully blinded 
study, only partially blinded, due to the format of the supplements. A more rigorous 
study design would encompass a double blind, crossover study protocol. However, a 
crossover design study would present other difficulties, as there would be the issues of 
washout period and the effects of training and exercise adaptation to contend with. It 
could be justifiably argued that the present study was not adequately controlled for the 
acerola beverage, as there was no evaluation of a placebo beverage. This was 
excluded from the presented study due to time constraints and the subject numbers 
required per intervention group. However, it was anticipated that a future study would 
investigate these groups, given that there would be modulation of post-exercise 
responses as a consequence of supplementation. The data collected from the current 
study would be further supported by repeating the experiment with the acerola 
beverage and comparing against a control beverage, i.e. the Lipton-Fusion drink 
without the added acerola and a placebo beverage (flavoured water). 
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Whilst the consumption of synthetic antioxidant supplements may confer health 
benefits and be more convenient than consuming fresh produce; the phytochemicals 
found in fruit and vegetables may confer additional benefits. Research has indicated 
that acerola has the ability to enhance the antioxidant activity of other botanical 
extracts. Hwang et al. (2001) have shown that in the presence of acerola cherry 
extract, soy and alfalfa phytoestrogen extracts prevent the oxidation of low-density 
lipoproteins. There are financial implications for the use of a natural source of vitamin 
C over the more economical synthetic form. Given that the present study suggests that 
there is no difference in activity between these two sources, the future benefits and 
potential markets of acerola must be carefully explored. 
An important regulatory consideration for the potential future exploitation of acerola 
extract is the effect that the introduction of high amounts of these new antigens into 
the body may have. As acerola is not widely present in the European diet there is a 
danger that regular consumption may result in increased allergic responses, in a 
similar manner to the introduction of kiwi fruit into the diet. This would need to be 
thoroughly evaluated. 
Evidence from the current study provides solid support, and builds on, the 
recommendations from Chapters 4 and 5 for the nutritional intervention with a source 
of vitamin C, seven days pre-exercise. Vitamin C is effective in reducing exercise-
mediated muscle damage and improving muscle function, whilst the effects on 
immuno-modulation remain equivocal. Further understanding of exercise-induced 
oxidative stress is required to understand the precise mechanisms of action of vitamin 
C and it's interactions between body compartments. 
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CHAPTERS 
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General Discussion 
The series of investigations presented within this thesis have primarily examined: 
1. The effects of two different models of strenuous exercise stress; downhill 
running and intermittent shuttle running on post -exercise muscle and 
immunological responses 
2. The effects of dietary antioxidant supplementation prior to exercise on post-
exercise muscle and immunological responses 
The main findings from these studies are; 
• Unaccustomed, strenuous exercise induces muscle damage and reduces muscle 
function in the post -exercise period 
• Strenuous exercise induces transient perturbations of the immune system and 
oxidative stress 
• Pre-exercise supplementation with vitamin C for seven days results in a 
reduction of muscle damage markers, and an improvement in functional 
measures of muscle damage, as compared to a placebo control 
• Effects of vitamin C on markers of the immune system were not conclusively 
identified. 
• There was no difference on post-exercise responses between a synthetic and a 
natural source of vitamin C 
• Supplementation with a mixed antioxidant supplement had no effect on the 
muscle damage or immunological markers analysed 
• Many markers of the immune system are resistant to the stressors induced by 
either downhill running or intermittent shuttle running 
8.1 The effects of unaccustomed, strenuous exercise on muscle damage in the 
post-exercise period 
Muscle damage, as a consequence of exercise, has been consistently reported in the 
literature. Many studies have focused on the damaging effects of predominantly 
eccentric exercise (lones et al., 1986; Newham et al., 1988; Friden et al., 1989; Shafat 
et al., 2004; Shahbazpour et al., 2004). Although useful in an academic research 
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context, this line of investigation bears little resemblance to the muscle actions 
involved in general recreation activities. Downhill running was the first model of 
exercise examined in the series of investigations presented within this thesis (Chapter 
4). This mode of exercise contains a high eccentric muscle contraction component and 
provided a useful controlled, laboratory-based methodology to induce and bench-
mark muscle damage and to examine the effects of this on post-exercise immune 
responses. There was significant muscle damage that occurred as a result of downhill 
running, consistent with other studies reported (Armstrong 1984; Ebbeling & 
Clarkson, 1989; Stauber, 1989; Clarkson & Sayers, 1999). 
In reality, most sports involve very short periods of maximal intensity and are 
punctuated by lower-intensity exercise and rest. The Loughborough Intermittent 
Shuttle Test (LIST) provided a more realistic exercise challenge. Whilst this model of 
intense exercise incorporated less eccentric activity than downhill running, there was 
still considerable damage as a consequence of intermittent shuttle running (Chapters 
5, 6 and 7), consistent with other investigations (Thompson et aI., 1999; Thompson et 
al., 2001a; Thompson et aI., 2001b; Thompson et al., 2003). Other published studies 
have reported muscle damage and muscle soreness resulting from predominantly 
concentric and isometric muscle contractions (Clarkson et aI., 1986; Pizza et aI., 
1995; Byme & Eston, 2002; Philippou et al., 2003). The most important factor in 
these investigations for inducing muscle damage may be the degree to which the 
subject is unaccustomed to the mode of exercise. Less-well adapted muscle is likely to 
be more vulnerable to both mechanical and physiological stressors. However, even 
those individuals who are accustomed to a specific activity still suffer from repeated 
muscle damage in response to that activity (Warhol et al., 1985; Ostrowski et al., 
1998b). 
The measurement of consistently elevated myofibrillar proteins as markers of muscle 
damage provided an indirect approximation to the degree of muscle damage incurred. 
As markers of myofibrillar damage, the literature has focused on the measurement of 
myoglobin and creatine kinase in the serum post -exercise and was the reason for 
inclusion in the current studies. However, both myoglobin and creatine kinase have 
limitations as markers of skeletal muscle damage as neither is a skeletal muscle-
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specific marker and they have a late diagnostic window (24 to 48h post-exercise). On 
reflection, an analyte such as skeletal troponin I may provide an alternative blood 
marker of exercise-induced muscle damage (Sorichter et al., 1997a), as this protein is 
expressed only in striated muscle fibres (Wilkinson & Grand, 1978) and can be 
measured by immunoassay. 
The measurement of maximal voluntary contractions and perceived muscle soreness 
provided more direct evidence of muscle damage. The loss of muscle force presented 
in Chapters 4, 5, 6 and 7 post-exercise, is consistent with other exercise studies 
(Jakeman & Maxwell, 1993; Avela et al., 1999; Thompson et al., 2001a; Thompson et 
aI., 2004). This type of functional muscle assessment may provide a better measure of 
muscle damage than biochemical measures, although for a complete analysis, 
measurement of both functional and biochemical markers should be included in future 
studies. 
8.2 The effects of unaccustomed, strenuous exercise on immune responses in 
the post-exercise period 
Several reports within the exercise literature have suggested that there is a direct 
association between post-exercise muscle damage and inflammation (Armstrong et 
aI., 1991; Camus et al., 1993; MacIntyre et al., 1995; Bigard, 2001; Akimoto et aI., 
2002; Aoi et al., 2004; MaIm et al., 2004b). Whilst this hypothesis is credible and 
plausible, current philosophy is now questioning this interaction, due to a lack of 
direct evidence (Maim et aI., 2000; Maim, 2001; Beaton et aI., 2002; Nosaka et aI., 
2002), although the inflammatory response is necessary to promote muscle repair 
(Tidball, 2005). 
There were significant perturbations of the immune system in response to both 
downhill running (Chapter 4) and intermittent shuttle running (Chapters 5, 6 and 7). 
There was an elevation post-exercise in total leukocyte counts, accounted for by the 
rise in neutrophil number recruited into the peripheral circulation. Together with 
increases in cytokine profiles, all of these changes are indicative of an acute immune 
response to an exercise challenge. There is little current evidence to suggest that this 
is a result of muscle damage, and is still the subject of debate (MaIm et aI., 2004b). 
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Whilst the link between muscle damage and inflammation is ambiguous, it is not 
contested that strenuous exercise induces transient immuno-perturbations from the 
resting state. It is the wider implications and direct effects of these immune changes 
post -exercise that are subject to conjecture. 
Exercise that does not result in muscle damage has been reported to induce immuno-
modulation post-exercise (Shang & Issekutz, 1998; Pedersen et aI., 2001b). This 
immuno-modulation may be attributable to the duration and intensity of the exercise, 
rather than the extent of muscle damage. Whilst levels of muscle damage were 
elevated following 60 min of downhill running, immuno-modu1ation, as interpreted 
by the maximal concentration of the cytokine IL-6, was not as high as many other 
exercise studies employing more demanding protocols had previously reported 
(Camus et al., 1997; Ostrowski et al., 1998a; Nieman et al., 1998b; Toft et al., 2000; 
Steensberg et al., 2001b). Peak IL-6 concentration was higher as a result of the LIST 
than downhill running. The LIST was longer in duration (90 min) than the downhill 
running model (60 min), and incorporated over 600 changes of direction, as opposed 
to the uni-directional downhill protocol. This resulted in a greater level of stress being 
placed on the whole body, which ultimately resulted in elevated immune responses in 
the post-exercise period, although downhill running elicited a significant decrease in 
natural killer cell numbers, which was not evident in the LIST. Interleukin-6 may 
provide a link between muscle damage and the immune system; elevated levels of IL-
6 post-exercise have been shown to be generated directly from working muscle 
(Pedersen et aI., 2001b). Cytokine and other immune protein profiles increased 
immediately post-exercise and returned to baseline generally within 24h after 
exercise. This kinetic profile was different to those for muscle soreness or muscle 
damage, which remain elevated and peak days after the initial exercise challenge. This 
suggests that there are at least some independent mechanisms between muscle damage 
and the immune response to exercise. 
Interleukin-6 derived from muscle is postulated to play a role in energy metabolism 
via the signalling to adipose and liver to induce the release of liver glycogen and 
adipose as fuel (Pedersen et aI., 2001b; Pedersen & Febbraio, 2005). Whilst it is 
accepted that high circulating levels of IL-6 derived from monocytes form part of the 
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acute and chronic inflammatory response and may result in tissue damage (Schluter et 
al., 1991; Ridker et al., 2000b; Ishihara & Hirano, 2002), this mode of activation is 
currently considered not to be involved in exercise responses. The distinct difference 
in the activity of IL-6 released in response to exercise suggests the existence of 
different isoforms of this protein, which have different modes of action. The 
postulated action of IL-6 in energy metabolism and adipose tissue suggests that there 
is future utility of this molecule in the understanding and treatment of obesity. Yet to 
be investigated is the effect of almost continuous chronically elevated levels of 
muscle-derived cytokines in regular intense exercisers to see if this may be damaging 
in the long-term. 
Interleukin-6 has been the cytokine of most focus within the exercise literature, 
probably due to the magnitude of increase in response to strenuous exercise. 
However, this does not necessarily mean that it has greater importance than others. 
Some cytokines may exert powerful effects at much lower concentrations or 
magnitudes of change. A more pertinent measure for future studies may be the ratio of 
some of these immune proteins, for example, the ratio of IL-6 to IL-lO. It will be 
interesting to follow the future literature and assess the production of other cytokines 
directly released from working muscle. Cytokines have traditionally been identified 
by immunologists, but now it seems likely that many may have wider hormone-like 
effects, in addition to their identified immunological actions. The future development 
of Systems Biology techniques may provide an insight and guidelines into which 
pathway networks to target for future research. 
The analysis of very large data sets for cell-surface markers in Chapters 4, 5 and 6 
provided extensive data on the three main immune cell types; lymphocytes, 
monocytes and neutrophils. It was concluded that the downhill running model and the 
LIST do not result in significant modulation of these cell-surface markers. Overall, 
the data from surface molecule expression densities and functional assays presented in 
this thesis provide mixed data, often with no change in response to an exercise 
challenge. The biological relevance of these markers in an exercise context must 
therefore be questioned. However, data from the described studies suggests that these 
variables are well buffered against physiological stress and relatively stable to 
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immuno-modulation. A relatively high degree of exercise stress must need to be 
placed on the system in order to modulate these markers. Teleologically this makes 
sense, as the innate immune system provides the primary defence mechanisms against 
infection control. Regular modulation of this system could result in an immuno-
compromised state and leave an individual susceptible to infection. This does not fit 
with the Darwinian principle of 'survival of the fittest' . 
Most of the studies described in the literature have focused on peripheral blood 
measurements, as these are relatively straightforward samples to collect. Analysis of 
peripheral blood is useful for assessing the current state of activation of the immune 
system, but in an exercise context fails to provide any information on the relationship 
between immune cells and skeletal muscle. To access skeletal muscle, muscle 
biopsies are required; these are more invasive and difficult to collect. Even then these 
samples are open to criticism. It has been reported that immune changes in these 
samples may be an artefact of the sampling, rather than a realistic physiological 
representation (Maim et aI., 2000). There is also the issue of which sites to sample 
and the effects on different muscle sites, for example, dependent upon the exercise 
model evaluated; there could be very different cellular responses within the muscles 
located in the arms and torso, to those in the legs. Data arising from this technique 
must be considered with caution. There is still much further research required to 
provide a comprehensive mechanistic understanding of the relationship between 
immune cells and skeletal muscle. 
8.3 Oxidative damage and post-exercise responses 
There is mounting evidence that free radical activity as a consequence of intense 
exercise is likely to be a result of free radicals directly generated by working skeletal 
muscle (Bailey et al., 2003). Free radicals by nature of their chemical structures are 
unstable and consequently difficult to measure without access to technologies such as 
electron spin resonance. Surrogate markers for free radical damage are considered to 
include the levels of lipid peroxides in the blood and urine, and exhaled pentane 
(Miller & Weinstock, 1994; Ashton et al., 1998; Alessio, 2000). 
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The study presented in Chapter 6 reported elevated levels of lipid peroxides post-
exercise, suggestive of increased free radicals as a consequence of the exercise 
challenge. It has been speculated that changes in immune function, as measured by 
increased neutrophil and monocyte oxidative burst, may contribute significantly to 
this free radical pool (Neiss et al., 1999b; Peake, 2002). Brickson et al. (2003) have 
shown that blocking the neutrophil burst actually reduces histological evidence of 
muscle damage. Evidence collated from the investigations presented within this thesis 
suggests that at the levels of exercise intensity examined, there is little contribution 
from phagocytic cells to an elevated free radical burden. Further experiments would 
be required for the direct assessment of free radical production from skeletal muscle 
in the exercise models investigated. Interestingly, heat shock proteins are considered 
to be induced by increased free radicals. There was an increase in heat shock proteins 
in the serum immediately-post and Ih post-exercise (Chapters 6 and 7). The increase 
in these proteins in the peripheral circulation offers resistance to subsequent stress 
(Fehrenbach & Northoff, 2001b; Campi si et al., 2003). Induction of localised hypoxia 
within the muscle during exercise may be a sufficient stressor to alter immune 
function. Altitude studies provide some evidence for this; Mazzeo et al. (2001) have 
shown that basal levels of IL-6 become elevated when a subject is taken to altitude 
from sea-level. 
8.4 The effects of vitamin C supplementation on post-exercise responses 
Accepting the hypothesis that exercise-induced muscle damage and immune 
responses contribute to an increased free radical load, the natural progressi ve step was 
to establish the effects of antioxidant supplementation on these surrogate markers. 
Vitamin C was the first choice of antioxidant for investigation, because it is 
documented to have antioxidant activities (Levine et aI., 1995), was well 
characterised, non-toxic and water-soluble. In the studies presented in Chapters 4, 5 
and 7 there were consistent effects of vitamin C on the reduction of muscle damage 
markers and reduced loss of muscle function post -exercise. This consistent effect of 
vitamin C supplementation on skeletal muscle builds on the earlier findings from 
previous studies reported in the literature that have also documented these benefits 
(Jakeman & Maxwell, 1993; Nieman et aI., 2000a; Peters et al., 2001a; Wilson et al., 
2001), including following intermittent shuttle running (Thompson et al., 200lb). The 
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two LIST-vitamin C studies (Chapters 5 and 7) now confinn the earlier findings of 
Thompson et al. (200Ib), and provide solid foundation for the prophylactic 
recommendation of vitamin C supplementation to attenuate post-exercise muscle 
damage in a model that is directly applicable to everyday leisure activities, although 
this may not be applicable for those who perfonn this type of exercise regularly. 
There was little modulation of the immune responses measured following vitamin C 
intervention. However, there was a reduction of cortisol, uric acid and a reduction in 
both monocyte and neutrophil function with vitamin C in the studies described in 
Chapters 4 and 5. Although the LIST model resulted in greater elevated cytokine 
concentrations than downhill running, there were some effects of vitamin C on 
immune measures following downhill running that were not observed following the 
LIST. In response to downhill running, the vitamin C supplemented group exhibited 
significantly lower natural killer cell counts Ih post-exercise, increased CDl4 
expression, reduced monocyte relative burst, neutrophil relative phagocytosis and 
neutrophil percentage burst. The reduction in monocyte and neutrophil function 
following supplementation with vitamin C in Chapters 4 and 5 suggests that immune 
function is transiently suppressed in the post-exercise period. Alternatively, it could 
be that a different population of cells, with greater functional capability, has been 
recruited to the circulation post-exercise and that the cells that were in circulation 
have migrated to the sites of tissue damage and be more effective in promoting repair 
and removing debris. 
The differences between the downhill running and intermittent shuttle running data 
permits speculation that exercise with a greater eccentric component may have a 
greater affiliation between working muscle and the subsequent immune responses 
than intermittent shuttle running. How these differences may be related to the greater 
eccentric component associated with downhill running is unclear as there were 
generally greater immune perturbations reported as a consequence of the LIST, rather 
than downhill running. This is an area of investigation for future exploration. 
It has been proposed that modulation of components of the immune system post-
exercise may alter immunity and result in a transient increased risk of infection. Most 
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evidence suggests that there is an additive response that arises from cumulative 
strenuous training sessions with incomplete recovery, for example during an athletes 
training season. This can result in 'under performance syndrome' and is linked to 
changes in the immune system and immune function (Nieman, 1994b; Pedersen & 
Bruunsgaard, 1995; Mackinnon, 1997; Peters-Futre, 1997). As part of the conclusions 
of Chapter 4, at that stage within this thesis, it was unclear if the interaction with 
vitamin C was potentially promoting an immunocompromised state. Considered as a 
whole, the weight of the evidence from all the studies presented within this thesis 
suggests that this is unlikely. However, this is worthy of further exploration. 
In the presented studies there was no effect of vitamin C on soluble (Chapter 5) or 
cell-surface adhesion molecules (Chapters 4, 5 and 6), except for an increase in 
monocyte CD18 expression 1 and 24h post-downhill running. Even although this was 
statistically significant, the relevance of this result, when assessed in combination 
with all of the other cell-surface data, is questionable. As stated previously, the lack of 
modulation suggests that, in the selected study population these parameters are highly 
conserved. Several other experimental studies have reported a reduction in soluble 
and surface ICAM-l following vitamin C intervention (Weber et al., 1996a; Silvestro 
et al., 2002). 
The circulating levels of cytokines reported in these studies may not have reached a 
'modulable threshold'. Other studies that have reported an effect of vitamin C on 
immune markers achieved greater circulating concentrations of cytokines post-
exercise (Nieman et al., 2000a; Thompson et al., 2001b; Peters et al., 2001a). A 
greater induction of metabolic stress may be required before any modulation of these 
immune markers can be initiated. Elevated stress could be achieved via more extreme 
modes of exercise or by the recruitment of less fit and healthy subjects. Current data 
suggest that supplementation for several days prior to exercise is the most successful 
vitamin C supplementation strategy. In the studies that report a down-regulation of 
immune responses in response to vitamin C intervention, it would seem that vitamin 
C, at least in part, is acting at the level of gene transcription. This would result in the 
inhibition of redox-sensitive transcription factors and therefore prevent inflammatory 
protein transcription and translation. Investigations that have supplemented with 
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vitamin C either on the day of intermittent shuttle running exercise (Thompson et aI., 
2001a) or after exercise only (Thompson et aI., 2003) have reported that there is no 
significant modulation of muscle damage or immune markers. This evidence suggests 
that once the oxidative-transcription cascade has been activated, antioxidant 
supplementation will be ineffective in the regulation of gene expression. 
The dampening of muscle damage markers, in the absence of an anti-inflammatory 
effect, suggests that vitamin C is exerting a local protective effect on skeletal muscle 
cells. As vitamin C is locally stored in the skeletal muscle tissue (Brown & Jones, 
1996) it is probable that it is rapidly bio-available to quench oxidative damage and 
facilitate tissue repair at the physiological site of free radical action. Vitamin C could 
be modulating collagen and be protecting cell structures from rupture as a 
consequence of the mechanical stressors from damaging exercise. 
It is possible that inhibition of the exercise-induced immune response could actually 
be detrimental and inhibit muscular adaptation to exercise. The post-exercise 
inflammatory response has been suggested to stimulate the recovery from exercise by 
inducing the regeneration of damaged tissue and recruiting satellite cell proliferation 
(Maim, 2001). It would be reasonable to suggest that the dampening effects of vitamin 
C on muscle damage proteins, function and soreness may interfere with the muscle 
adaptation process. Even if muscle adaptation was reduced in response to vitamin C 
supplementation, it can be argued that muscle adaptation and regeneration would still 
occur because the post-exercise physiological responses were only partially abrogated 
by dietary intervention with vitamin C. Understanding the mechanisms behind 
optimal adaptation would be advantageous for prescribing and executing future 
training programmes. Regardless of the physiological and immunological effects of 
vitamin C, a reduction in the perception of muscle soreness post-exercise will have 
psychological benefits. Reduced pain suggests that there will be improved recovery, 
for both athletes and recreational exercisers, and that repeated exercise may be 
resumed after a shorter recovery period following vitamin C intervention. At a holistic 
level, it could be argued that the elucidation of the pathways and mechanisms that are 
modulated by exercise and diet is theoretically superfluous if exercising individuals 
perceive that they feel better. However, from the perspective of scientific 
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understanding and advancement, further comprehension of these mechanisms and 
consequences is paramount. 
The series of studies presented within this thesis have progressed through from the in 
vivo validation of vitamin C supplementation following strenuous exercise (Chapters 
4 and 5) to the in vivo testing of a prototype beverage product utilising a natural 
source of vitamin C (Chapter 7). Whilst the consumption of synthetic antioxidant 
supplements may confer health benefits and be more convenient than consuming fresh 
produce, the phytochemicals found in fruit and vegetables may confer additional 
benefits. This now requires rigorous in vivo testing, as the processing within the gut 
can completely change the bioavailability and bioactivity of compounds and cannot be 
conclusively tested in vitro. 
In the marketing of a novel product for the reduction in adverse symptoms following 
strenuous exercise, there may be utility in the production of an 'all-natural' beverage, 
using acerola cherry as a source of natural vitamin C. The incorporation of acerola or 
synthetic vitamin C into the form of a beverage provides the additional benefit of 
rehydration of subjects during or following exercise, further to the benefits on muscle 
function. This beverage could be further fortified with rehydration salts and an energy 
source (for example, maltodextrin) to provide the correct balance of electrolytes and 
substrates for glycogen repletion. The inclusion of additional subject test groups in 
future investigations would allow scope for analysis to assess if there was any impact 
of the carbohydrate content of the acerola on the measured outcomes. Several reported 
exercise studies have demonstrated significant modulation of the post-exercise 
immune response when carbohydrate was provided (Nieman et al., 1998b; Henson et 
al., 2000; Starkie et aI., 2001a; Bishop et al., 2002). These data may be helpful for the 
future design of optimally functional food products both within an exercise context 
and with a wider application to the general population. Future investigations would 
provide a comprehensive understanding of the effects of a natural vitamin C source 
(acerola cherry) in a prototype product and would enable any future product to be 
supported by repeated, validated, scientific claims. 
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Evidence from the data presented in Chapters 4, 5 and 7 provides solid support for the 
recommendation of nutritional intervention with a source of vitamin C for seven days 
pre-exercise. Vitamin C is effective in reducing exercise-mediated muscle damage 
and improving muscle function, whilst the effects on immuno-modulation remain 
equivocal. Further understanding of exercise-induced oxidative stress is required to 
understand the precise mechanisms of action of vitamin C and it's interactions 
between body compartments. 
8.5 The effects of mixed antioxidant supplementation on post-exercise responses 
As a consequence of the positive outcomes from supplementation with vitamin C, it 
was postulated that a combination of antioxidants might result in even greater levels 
of modulation of post-exercise responses. Within a normal diet, macronutrients and 
micronutrients are presented and digested in combination, not in isolation. It was 
anticipated that a mixed intervention strategy would advance our understanding and 
have greater physiological relevance. There is less evidence available for the post-
exercise effects of combined antioxidant supplementation than for vitamin C alone. 
However, several publications do provide evidence of post-exercise benefits from the 
administration of mixed antioxidant supplements prior to exercise (Viguie et aI., 
1989; Wilt et al., 1992; Kanter et aI., 1993; Rokitzki et al., 1994c; Schroder et al., 
2000; Phillips et al., 2003; Vassilakopoulos et al., 2003; Fischer et aI., 2004; Shafat et 
al., 2004; Goldfarb et aI., 2005). 
One of the reasons for the deficiency of data is the length of time and resource 
required to run proficient, well-controlled in vivo human studies. The hypothesis for 
the investigation presented in Chapter 6 was that a combination of supplements would 
have an additive or synergistic effect. Unfortunately, this was not the case as there 
was no effect of supplementation on any markers measured. This was disappointing 
from both a scientific and practical approach. This was a large, rigorous study 
compared to many that are reported within the exercise literature and was the most 
comprehensive study that was conducted within this thesis; with a total of 38 subjects 
completing the six-week intervention study. Many studies that are published often use 
single figure subject numbers because of the time and logistical issues associated with 
these types of study. A truly rigorous scientific protocol would demand that the 
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effects of all antioxidants were assessed individually in the model of choice, followed 
by additive titration of additional antioxidants. 
A more advanced design rationale may be required when planning future 
supplementation studies. The study by Vassilakopoulos et al. (2003) is an elegant 
example of a dietary intervention study design. The different antioxidants were dosed 
for different durations throughout the intervention period, as opposed to equal doses 
of all the supplements throughout. Although the numbers of subjects tested in this 
specific study was disappointing (n=6), this research design warrants reflection for the 
planning and execution of future dietary supplementation studies. 
A negative impact of the mixed supplementation design adopted (Chapter 6), is that, 
from the data available, it is impossible to identify exactly why we did not observe 
any effects of supplementation, as compared to vitamin C alone. It is only possible to 
speculate on some of the potential reasons for the data obtained. Physical exercise is 
well documented to up-regulate endogenous antioxidants (Ji, 1999; Powers et al., 
1999; Miyazaki et aI., 2001). It is plausible that elevated in vivo antioxidant enzyme 
levels in these subjects negated any effects of the antioxidants, although this is not 
supported by the analysis of uric acid, an endogenous antioxidant, in the presented 
studies. Due to the leap in study design from the supplementation of a single to 
multiple antioxidants, without further experiments to deconstruct the mixture, it is not 
possible to understand the absence of effect on muscle physiology. The addition of 
vitamins E, 86, 812, folate and zinc may have masked any effect of the vitamin C 
component of the supplement. A lack of effect on immune markers is consistent with 
some reported studies (Nieman et aI., 1997b; Petersen et al., 2001); but not all; 
(Vassilakopoulos et al., 2003; Fischer et al., 2004). When reviewed in context with 
the vitamin C data presented within this thesis, these immune findings are 
unsurprising. 
308 
8.6 Summary and future recommendations 
As a scientific investigation tool, intense exercise provides a useful model of in vivo 
human stress and a platform for exploring potential nutritional interventions. Aerobic 
exercise provides a well-controlled, non-invasive model to study the effects of 
antioxidant supplementation on acute oxidati ve and inflammatory stress. The results 
from such research may be applicable for the therapeutic intervention of chronic 
human diseases, as well as in an exercise environment (Mastaloudis et aI., 2004). 
The intervention dose of vitamin C supplied in the presented studies was relatively 
high (800 mg.d·!), although within recommended daily maximal intakes. A credible 
and sensible future experimental rationale would be to identify both the minimal 
optimum supplementation dose and intervention period prior to exercise, required for 
maximum benefit. Although purely speculation, intuitively it is likely that a lower 
dose of vitamin C supplemented for a couple of days prior to exercise may have the 
same beneficial effects, acknowledging that supplementation on the day of exercise 
only has been shown to be ineffective in terms of measuring dampening of muscle 
damage markers (Ashton et al., 1999; Thompson et al., 2001a). The effects of both 
long term dietary supplementation and repeated exercise challenges is worthy of some 
focus, as this would be more reflective of real life situations. Supplementary to 
investigating the direct actions of dietary antioxidant supplementation in vivo, an 
alternative experimental approach would be to identify nutritional components that 
may indirectly increase the in situ production of antioxidants, for example, uric acid, 
to boost in vivo antioxidant defences. 
Throughout the investigations presented within this thesis there was considerable 
inter-subject variation in the responses to the exercise challenge both within and 
between studies, as evidenced by variation in maximal cytokine and myofibrillar 
protein concentrations. This could partially be attributed to the training status of the 
subjects, although within any population a range of individual responses would be 
predicted. Whilst all the subjects were habitually active men, some subjects may have 
been more accustomed to the type of exercise challenge that they were presented with. 
Therefore, they are likely to have physiologically adapted more than their 
contemporaries, which is feasible to result in lower damage responses. Even with 
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adaptation to an exercise stress, other published studies have shown that in well-
trained individuals prolonged demanding exercise still results in muscle damage 
(Rokitzki et al., 1994c; Ostrowski et aI., 1998b). An area of scientific research that is 
in its infancy is the analysis of different phenotypes and the effects of different 
polymorphisms of a specific gene type, with specific reference to responses to 
different types of exercise. Differences in polymorphisms may also account for some 
of the differences in response to dietary intervention. 
Careful selection and recruitment of study subjects is necessary for future studies. 
Inclusion of a non-exercising group would provide information on any changes that 
are not related to the exercise challenge and would help to remove any confounding 
metabolic and circadian variation. If the objective of future research is to investigate 
the effects of antioxidants in a stressed human system, rather than purely for the 
benefits for fit individuals and athletes, it may be sensible to consider a population 
that is in some way already compromised from the healthy, young state. Subjects who 
are less trained, sedentary, older or with a degenerative disease may provide useful 
information. Testing sedentary older subjects is likely to invoke greater stress at sub-
maximal exercise intensity as compared with young, fit and health-conscious subjects. 
Distinct gaps in the current knowledge in exercise immunology are the activities and 
interactions of immune proteins. Most investigations document the steady state 
protein concentration a specific time point, without regard for the expression of 
specific receptors and complexed proteins. Consideration of the immuno-proteins in 
isolation may be misrepresentative of the in vivo situation. For example, IL-6 is 
commonly measured in isolation of either the cell-surface receptor expression or 
soluble receptor present in serum. The investigation presented in Chapter 6 touched 
on this by assessing the effects of exercise on lL-6 soluble receptor and one of the 
associated cell-surface receptors (CDI26). Although there was no effect of exercise 
on either the soluble or cell-surface receptor in that specific study, for a more 
comprehensive understanding, this area is worthy of further examination. 
The analysis of the large numbers of cell-surface molecules suggests that these 
markers are resistant to the levels of stress placed upon them by the exercise regimes 
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tested. Sometimes the accumulation of very large data sets and the analysis of 
multiple variables can be a disadvantage if rigorous analysis criteria are not applied. 
There is a danger of misinterpretation of the wealth of data that can be obtained from 
techniques such as flow cytometry. For future analyses to yield tighter data sets it 
would be prudent to examine a handful of cell-surface markers, rather than to adopt a 
wider 'fishing' approach. However, the large numbers of analytes and markers 
measured in the presented studies provide a wealth of data generally not reported in 
other studies. 
As several studies in the literature have reported a reduction in cytokines post-
exercise following vitamin C supplementation (Nieman et al., 2000a; Peters et al., 
2001a; Thompson et aI., 2001b) and with mixed supplements containing vitamin C 
(Vassilakopoulos et al., 2003; Fischer et al., 2004) it is important to continue this line 
of investigation to elucidate the differences between studies. The presented studies 
have assessed the effect of downhill running and intermittent shuttle running on a 
wide range of physiological and immunological markers. For future studies it may be 
more pertinent to analyse a considered subset of these measures in initial experiments. 
No biological marker should be assessed in isolation; a wider view of systemic events 
can only be derived from a combination of carefully selected and evaluated 
measurements. Further extended analyses can then be considered for subsequent 
investigations, dependent on the outcomes of the primary studies. It would be prudent, 
in the first instance, to measure muscle damage, soreness and muscle function, 
perhaps including the measurement of skeletal troponin I as a measure of myofibrillar 
damage. Leukocyte subset analysis is a useful measurement to incorporate and is 
straightforward to measure. Within this, natural killer cell analysis should be included 
in light of the intervention effect of vitamin C reported in Chapter 4. Other analytes 
recommended for analysis in future studies include serum total cortisol, serum IL-6, 
IL-lO and CRP. If any modulation is observed with either of these proteins then a 
broader range of cytokines should be evaluated in the follow-up studies. As 
previously stated, the ratios of some of these proteins may provide valuable 
information, especially if considered in conjunction with in vitro cytokine data. 
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As the investigations presented in Chapters 4, 5 and 7 report that muscle damage was 
probably decreased following vitamin C intervention and that there was a reduced loss 
in muscle function, a sequential step forward would be to assess whether these 
findings translate into improved exercise performance. This could either be in terms 
of a repeated exercise challenge 24 to 48h after the initial exercise test, or by 
incorporating a run to exhaustion at the end of the LIST or treadmill test. The 
inclusion of a direct measurement of muscle soreness would be a useful addition to 
future studies to remove the subjective nature of this measurement. Elucidation of any 
potential mental or cognitive performance benefits would also be of valuable future 
assessment. 
To date there is a lack of consistent robust exercise intervention studies, due in part to 
some of the reasons outlined previously. Frequently, studies reported in the literature 
are from a single experiment and are rarely repeated. Although there is still a 
requirement for small proof-of-principle investigations, perhaps the direction for 
future studies lies in conducting fewer, but larger collaborative studies with a 
carefully considered protocol, complete with a full statistical analysis plan. For these 
data to have any application to the wider population it is important to investigate 
larger subject pools, although there are obvious problems and challenges associated 
with this. Few studies have compared both the muscle and immunological responses 
between exercise models. This makes it difficult to compare data between studies, and 
to provide therapeutic intervention strategies. Although outside the scope of this 
thesis, a meta-analysis of the presented LIST studies, together with other published 
shuttle running studies would provide comprehensive analysis of the immunological 
and muscle changes in response to this specific exercise challenge. This would 
provide further insight into the effects of recreational intermittent types of sports on 
physiology and immune responses. 
A prospective line of investigation would be to assess the differences between 
'responders' and 'non-responders' to both an exercise challenge and dietary 
supplementation. This information would provide the foundation for future 
exploration for the identification and selection of study subjects, and to assess and 
tailor different regimes and interventions to specific, personalised physiological, 
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metabolic and immunological responses. This may facilitate the identification of 
optimal nutritional strategies for several groups, rather than assuming that all matched 
groups will be equal in their responses. As our scientific understanding of the effects 
and mechanisms of diet and exercise increases, it will be possible and sensible to 
assess the effects of lower doses of both exercise and nutritional intervention that are 
more applicable to the 'real life' conditions of a wider segment of the population. 
However, supplements should never be advocated independently of a healthy 
balanced diet. They provide a useful source by which to meet additional body 
requirements that cannot be provided via a healthy diet alone. The type of advanced 
supplementation strategies that are presented within this thesis may be useful to 
counter transient immuno-modulation for healthy adults, for example, when under 
exercise stress. Future investigations may prove that by careful dietary analysis, the 
optimum vitamin C dose for post-exercise recovery could be met by careful dietary 
planning. 
In summary, the main findings from three individual investigations (Chapters 4, 5 and 
7) provide comprehensive support for the prophylactic administration of vitamin C. 
Vitamin C supplied either as a synthetic or natural source, taken for seven days prior 
to strenuous, damaging exercise, results in the attenuation of the signs and symptoms 
of post-exercise induced muscle damage. The immune system appears to be well 
buffered against these modes of exercise and nutritional intervention. The 
investigation of mixed antioxidant supplementation is at a more elemental stage in our 
understanding (Chapter 6). 
The investigations presented within this thesis are based on the analysis of an 
extensive range of immune markers. For the design of future studies there are some 
fundamental issues which must be re-emphasised; the immune system is 
teleologically designed to be robust against numerous stressors. To induce both 
significant and meaningful immune perturbations, a high level of stress must be 
applied to the system. The primary immune target must be the innate immune system 
as this is the initial immune defence. Any modulation of the innate immune system is 
likely to be followed by changes to adaptive immunity. A more holistic future 
approach would be to investigate a more vulnerable population, for example over-
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trained or tired athletes, the elderly or those who are already in an 
immunocompromised state. For future intervention studies, a more rigorous, step-
wise titration approach to the mixed antioxidant intervention strategy may be 
required. However, this approach would have taken several years of investigation to 
complete for the antioxidant study presented in Chapter 6, and was beyond the scope 
of this thesis. 
The studies presented within this thesis provide the foundation for future 
investigations to elucidate the interactions between antioxidants, muscle physiology 
and immunology. 
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Appendix 1 
Health Screening Questionnaire 
HEAL TU SCREEN FOR STUDY VOLUNTEERS Name or Number ...................... . 
It is important that volunteers participating in research studies are currently in good health and have 
had no significant medical problems in the past. This is to ensure (i) their own continuing well-being 
and (ii) to avoid the possibility of individual health issues confounding study outcomes. 
Please complete this brief questionnaire to confirm fitness to participate: 
1. At present, do you have any health problem for which you are: 
(a) on medication, prescribed or otherwise .................. . 
(b) attending your general practitioner ...•••....•........•...... 
(c) on a hospital waiting lis!... ...................................... . 
Yes a 
Yes 
Yes 
N°B No 
No 
2. In the past two years, have you had any illness which require you to: 
(a) consult your GP ..................................................... . 
(b) attend a hospital outpatient department.. ............... . 
(c) be admitted to hospital ......................................... . 
Yes a 
Yes 
Yes 
N°B No 
No 
3. Have you ever had any of the following: 
(a) Convulsions/epilepsy •...••........................................ Yes No 
(b) Asthma ........................•......................................... Yes No 
(c) Eczema ................................................................. . Yes No 
(d) Diabetes ............................•••.................................. Yes No 
(e) A blood disorder .................................................... . Yes No 
(I) Head injury .....................................•....................... Yes No 
(g) Digestive problems .........................•....................... Yes No 
(h) Heart problems ...................................................... . Yes No 
(i) Problems with bones or joints Yes No 
(j) Disturbance of balance/coordination ...................... . Yes No 
(k) Numbness in hands or feet ...................•................. Yes No 
(I) Disturbance of vision ...........................•••....••.......... Yes No 
(m) Ear / hearing problems .......................................... . Yes No 
(n) Thyroid problems ..............................••.••...•••.......... Yes No 
(0) Kidney or liver problems ........................................ . Yes No 
(p) Allergy to nuts .•...................................................... Yes No 
4. Has any, otherwise healthy, member of your family under the 
age of 35 died suddenly during or soon after exercise? ... Yes D No D 
If YES to any question, please describe briefly if you wish (eg to confirm problem was/is short-
lived, insignificant or well controlled.) 
Thank you for your cooperation! (Loughborough University) 
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Appendix 2 
Vitamin C portions 
The following food portions contain 20 mg of vitamin C. We would like you to try to 
eat 4 of these portions a day (no more than S portions). You are allowed to eat as 
much of all other foods as you would like. You do not have to record your diet over 
the 2 weeks of supplementation, but try and take in 4 portions of these foods. Over the 
period of the main trial you must record your diet and continue to stick to these 
guidelines. 
SOml e/4 glass) 
2S0rnl (1 bottle) 
2SrnI (S teaspoons) 
80rnl (16 teaspoons) 
30geh) 
55g eh small) 
lOOg eh small tin) 
7Sg eh slice) 
70g (1 medium) 
15g (lljzslices) 
120g (2 small) 
70g (4) 
lOOg (2 tablespoons) 
150g (small) 
200g (20) 
200g (4 small) 
200g (2 small) 
150g (4 tablespoons) 
45g (heaped tablespoon) 
75g (2 tablespoons) 
30g (3) 
Orange juice (unsweetened) 
Lucozade sport (NGR or Energy) 
Ribena with 100rnl water (ljz glass or carton) 
Orange squash with 320rnl water (2 glasses) 
Kiwi fruit 
Grapefruit 
Mandarins tinned in juice/fruit salad in juice 
Cantaloupe melon (weighed without skin) 
Tangerine / Satsuma (weighed without skin) 
Green, yellow or red pepper (raw) 
Tomatoes 
Cherry tomatoes 
Coleslaw 
Jacket potato 
Chips 
Roastlboiled potatoes 
Bananas 
Mixed vegetables 
Broccoli 
Cauliflower 
Sprouts 
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Appendix 3 
Acerola beverage ingredients & nutritional composition 
Ingredients; 
Water 
Fruit juice blend 
Acerola cherry pulp 
Sugars 
Blend of extracts of black and green tea 
Flavouring 
Malic acid 
Ascorbic acid 
Nutritional Value; 
(de-mineralised water to 100%) 
(orange 5%, apple 5%, carrot 1 %, lemon 
1%) 
(7%) 
(8.8%) 
(104%) 
(0.51%) 
(0.65%) 
(200ppm or 0.2g.r1) 
Nutritional value per lOOml 
Energy 41.7 kcal178 KJ 
Protein 0.06g 
Carbohydrate 
Fat 
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Appendix 4 
Scale A 
Scale B 
Not Sore 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Rating of perceived soreness 
Not Sore 
A Little Sore 
Quite Sore 
Very Sore 
Very Very Sore 
Very Very Sore 
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Appendix 5 
Location of muscle soreness 
PLEASE HIGHLIGHT THE PARTS OF THE BODY WHERE YOU FEEL SORE. 
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Appendix 6 
Vitamin C analysis 
Plasma vitamin C concentrations were determined using a method provided by D. 
Bailey. 
Chemicals: 
• Degassed mobile phase (perchloric acid) (Fisher Scientific, UK) adjusted to 
pH 1.2 at room temperature 
• Metaphosphoric acid 5% (Sigma chemical Co., UK) 
• Ascorbic acid (Sigma Chemical Co., UK) 
Column and operating conditions: 
• Five J.lm, 250mm*4.6 CI8 Luna column (Phenomenex, UK) 
• Spectrophotometric detection: wavelen¥th; 241 nm 
• Flow rate was set at 1.2 ml.min-, which gave a retention time of 
approximately 3.4 min 
Procedures: 
I. Plasma suspensions were defrosted on ice and kept chilled on the day of 
analysis (stored with 10% metaphosphoric acid 1:1). 
2. Standards were prepared on a daily basis in the range 0-300 J.lmol.rl, by 
dissolving ascorbic acid in 5% metaphosphoric acid 
3. Once samples had defrosted, they were vortexed and centrifuged at 4°C for 10 
min in order to obtain a clear supematant 
4. Plasma samples and standards were diluted (1:1) in chilled 5% 
metaphosphoric acid, and 50 J.ll used for injection via an autosampler 
5. The concentration of ascorbic acid in the samples was determined as the area 
under the ascorbic peak in relation to a calibration curve determined for the 
standards 
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Appendix 7 
Vitamin E analysis 
Plasma concentrations of vitamin E were determined using reversed phase high-
performance liquid chromatography (HPLC) as described by Duthie et al. (1990). 
Chemicals: 
• Mobile phase; acetonitrile-tetrahydrofuran-methanol containing BHT-
ammonium acetate (lOg.r!) 
• Hexane containing 500mg BHT.r! 
• 1,4-dioxan-ethanol-acetonitrile (20:20:40, by volume, DEA) 
• Ammonium acetate (10 g.r! H20) 
Column and operating conditions: 
• Beckman Ultrasphere ODS 5 Ilm, 250mm x 4.6mm column (Beckman, High 
Wycombe, UK) set at 29° was used 
• Flow rate was set at 1.5m1.min-! and run time was 30 min 
• Wavelengths were changed during each run 
o Visible detection; 0-11.9 min at 450nm; 12-17.4 min at 472nm; 17.5-
30 min at 450 nm 
o Fluorescence detection; 0-5.1 min, 330 an 470 (excitation and 
emission); 5.2-14.6 min, 298 and 328; 14.7-30 min, 3349 and 480nm 
Equipment: 
• Waters 470 scanning fluorescence detector (Water, Watford, UK.) 
• 486 tuneable absorbance detector 600E system controller 712 WISP (Water, 
Watford, UK) 
• Jones choromatograph column chiller model 7955 (Jenes Hengued, Mid 
Glamorgan, UK) 
Procedures: 
1. Plasma samples were defrosted on the day of analysis 
2. Standards were prepared in the range 0-100 IlmoI.r! and included 
every sixth sample in the run. Echinone blanks were also included in 
each run 
3. Plasma (200 Ill), 200 J.1l water and 400 III ethanol were added to a 2 ml 
microtube, vortexed with 700 III hexane (containing BHT) and 100 III 
of echinone for IOs. The microtube was shaken for 10 min on the 
vortex and then centrifuged for 5 min. Of the hexane, 600 III was 
removed and taken to dryness on the speed vac for 9 min. The dry 
sample was dissolved in 200 III DEA and shaken for 5-10 min before 
application to the HPLC column 
4. The concentration of Ct-tocopherol in the samples was determined as te 
area under the Ct-tocoperol peak in relation to a calibration curve 
determined from the standards. 
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AppendixS 
Validation and optimisation of the Phagocytosis & Oxidative Burst 
assays 
Most other studies at the time of the start of this thesis were conducted on phagocytic 
cells that were isolated from their blood environment by various separation 
procedures. This is disadvantageous as it may modulate surface receptor expression 
and alter cell responses (Elbim, 1996). Haemaglobin is a very potent hydrogen 
peroxide scavenger, therefore it is important to use whole blood in an assay system for 
a closer representation to the in vivo state. Using fractionated blood for assays would 
remove this potent affect, possibly resulting in artificial magnified cellular responses. 
The use of whole human blood for the assays ensured that the immune cells were 
maintained in an environment more similar to that found in vivo, and avoids 
introducing artefacts from any purification process. A whole blood cell-culture based 
assay was used to optimise the commercially available Orpegen Pharma Phagotest 
and Bursttest (Phagoburst) test kits. The final step-wise experimental methods for 
these assays are described in Chapter 3. 
Assay Reproducibility 
The reproducibility of the assay system was established using human peripheral 
blood. For both the phagocytosis and respiratory burst assays, 10 replicate samples 
from the same donor were processed individually. Different donors can show 
variation in their absolute values of phagocytosis and respiratory burst and produce 
the same response profile as another subject but with differing scales of relative 
median fluorescence, depending on the stimulation state of the phagocytic cells. The 
assays are highly reproducible, with the phagocytosis assay having a calculated intra-
assay variation of 6.4% and the respiratory burst assay 3.2%. 
Decomposition of Bursttest Fluorescent signal with time 
Initial experiments revealed a problem with fluorescent signal decay over time (Figure 
A.l). This loss was accelerated if the assay tubes were warm, exposed to light or if the 
analysis run was over a long time frame. Therefore, samples had to be stored in ice, in 
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the dark and promptly processed, otherwise the signal decomposition curve 
calculation would need to be taken into consideration (Figure A.2). Using the 
appropriate Microsoft Excel functions, an equation for signal decomposition against 
time was calcula ted as below (Figure A.2); 
Y = 0.0 179X2 - 1.9035X + 99.73 
For any Burstlest data, a corrected value, taking into account signal loss over time, 
cou ld be calculated employing the above equation, as long as the time from when the 
sample was ready for analysis was known. Knowing the percentage decomposition of 
the signal allows the following correction factor to be applied; 
Corrected flu orescence signa l from sample = sample fluorescence reading x 100 
Percentage decomposition 
This allows for the ca lculation of standardised data values that can then be directly 
compared to other data. 
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Figure A.l Decomposition oJ respiratol), burst signal against time. 
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